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Resumen
Palabras Clave: IRM, imagen medica, imagen hibrida, imagen anatomica, imagen funcional
El campo de la imagen médica se puede dividir en 2 modalidades: las que generan información
desde fuera del cuerpo (básicamente todas las combinaciones de rayos x) y los que envían la infor-
mación de la imagen desde interior del cuerpo (medicina nuclear, US, PET y la RM). La ventaja
de las últimas es que tienen la capacidad de ofrecer información funcional (mejor contraste), sin
embargo; carecen de buena resolución de imagen en comparación con la CT, por ejemplo. La
combinación de resolución e información funcional se puede encontrar en equipos híbridos como
la PET/CT, ampliamente comercializado. Recientemente, el gran avance en RM ha sido lograr una
resolución espacial cercana a la del CT, manteniendo el mejor contraste y la información funcional.
Esto ha promovido su uso en equipos híbridos como la PET/MR o SPECT/MR. El mayor incon-
veniente de estos es la influencia del campo magnético en el sistema de detección γ, cuya solución
implica altos costos y una electrónica sofisticada. En el presente estudio, se propone utilizar RM
adaptando el uso de gel dosimétrico para la obtención de la imagen funcional. De esta manera es
posible adaptar cada componente a un equipo de RM clínico como una alternativa versátil y de
bajo costo para la obtención de imágenes con información anatómica y funcional.
Abstract
Keywords: MRI, medical image, hybrid image, anatomical image, fuctional image
The medical imaging field can be divided in 2 imaging modalities: those generating the imaging
information from outside the body (basically all x-ray combinations) and ones sending the image
information from inside the body (nuclear medicine, US and MRI). The advantage of the latest is
that they are able to give functional information (better contrast), however they lack of image reso-
lution compared with CT, for example. The combination of resolution and functional information
can be found in hybrid equipment like PET/CT, widely extended commercially. Recent advances
in MRI have achieved spatial resolution close those possible with CT, while maintaining superior
contrast and functional information. This has promoted its use as hybrid technique, like PET/MR
or SPECT/MR. The handicap of these equipment is the influence of the magnetic field, on the γ
detection system, whose solution implies high cost and sophisticated electronics . In the current
study, we propose the use of MR implementing a dosimetric gel to obtain the functional image.
Then it is possible to adapt the γ detector to any clinical MRI. As a result, a low cost and versatil
hybrid MRI-γ detector is presented.
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1 Introduction 2
1. Introduction
Medical images aim to give the more information available in the lowest spatial resolution. This
can be achieved by combination of anatomical images (given by MRI) and functional information
(given by radio-pharmaceuticals).The idea of this work is to the use a gel sensible to the radiation
as a γ detector; avoiding the direct electronic readout, obtaining the information by MRI. This gel
presents physical and chemical changes which can be measured by MRI. This kind of gel is com-
monly used in radio-oncology for quality control purposes. However, planar images could also be
obtained from a patient injected with radiopharmaceutical, if a collimator grid is located between
the patient and the gel within the MRI magnet bore. Then, while the anatomical MRI is acquired,
the radioisotope radiation is focused by the collimator to polymerise the gel at the spot under the
radio-pharmaceutical fixation. After dose deposition on the gel, R2 maps of the gel are acquired
and fused with the anatomical images. Performing this process, MRI hybrid images (anatomical
and functional) are obtained.
The prototype has some advantages over common hybrid MRI/Nuclear-Medicine Techniques:
• Low cost: less than 50 000 USD
• Versatile: can fit almost any common MRI equipment
• Energy sensibility: Depend on gel composition and slice imaging
• No extra electronics
• Simultaneous acquisition: anatomical and functional γ image with the same MRI technique
• Quantitative information: by R2 calibration quantitative dose maps will be obtained
There is also some limitation which will be carefully studied in this work:
• Energy sensibility depend on gel composition: which can vary even with the same gel
• Spatial resolution: there is a clear relation between dose, sensitivity and SNR
• No reusable gel: the gel has to be manufactured for each MRI, although a system production
can be easily developed.
• Each gel needs a calibration: since each gel is manufactured individually, is is recommended
an individual calibration, although a system production would give very precise calibrations.
2
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• weight: A 40 × 40 cm2 FOV weights ca. 45 kg, a smaller one of 20 × 10 cm2 FOV weights
ca. 20 kg
The aim of this proposal is to design a γ-gel detector, compatible with different MRI device, so
that, the gel detector would act as a common gamma camera inserted in a MRI device.
This works begins with the theoretical description of the concepts needed to follow the experi-
ments. In Chapter 2, the collimator design parameters are optimised by 1D images analysis of in
silico experiments. Once the collimator is defined, the 2D in silico images are tested to establish
the limits in terms of resolution and sensibility based on experimental gel calibration. The final
chapter introduces techniques to improve the prototype, like applications of low field MRI or the
analysis of slice MRI to determine the energy. The chapter finishes with an experiment considering
the optimized collimator. R2 maps of a radioisotope are obtained and it is shown the low influence
of the collimator. Then, dose maps confirm the viability of the proposed device.
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2. Prelimilar Concepts
Begin at the beginning, the King said,
very gravely, “and go on till you come to
the end: then stop”.
Lewis Carrol, Alice in the Wonderland
2.1. Hybrid Images
Medical images were historically developed to see the anatomical structures. With the passage of
time, functional processes were also available to image and quantify. The path of development
have had different ways. The beginning of the hybrid images starts with the combination of image
techniques separately. The challenge of the medical images was to develop software techniques
and sophisticated hardward to co-register structure and function retrospectively [30]. The fusion
of anatomical and functional planar images by software tools or simply image superposition was
used as a diagnostic tool in the early 1960’s. Each technique of medical image has had a growing
develop by itself as well as the idea of the hybrid images and their possibilities.
Medical images aim to give the more information available to the lowest spatial resolution. Hy-
brids systems seem to be the best option to achieve these goals by the combination of nuclear
medicine images with computer tomography CT. However, the improvements in MRI nowadays
have a resolution close to that of CT one, with two advantages: the dose of the CT is avoided and
MRI can also provide functional information. The first attempts appears with the SPECT/CT in
1989 [28]; hybrid of a γ-camera in tandem with a clinical single slice CT. After the injection of
the radio-tracer (radiopharmaceutical) and an uptake period, the patient was imaged first with the
CT and subsequently with SPECT. Following with the advance, the first PET/CT to be announced
in 2001[44]. The PET/CT system permits, apart of the anatomical and functional integration, the
scatter correction of the PET data, to obtain quantitative metabolic images. These method, involve
two sources of radiation over the patient. The radiotracer for SPECT and PET, and the x-rays
for the CT[5],[7], increasing the patient dose. The MRI offers many advantage in the medical
imaging. MRI can register anatomic and functional processes. The contrast agents can also offer a
wide spectrum of possibilities differentiating soft tissues, cellular specific markers, the possibilities
of diffusion studies as well as other functional techniques. The magnetic resonance spectroscopy
4
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and the functional blood oxygen level-dependent (BOLD) are ones of the most representative func-
tional advantage of the MRI, apart of the great contrast anatomical potential and the lack of ionising
radiation image technique. The combination of the PET with an MRI device took a big effort at
the beginning of the century [40, 35]. The first PET/MRI was presented in the 2010 as a prototype
[6]. The hybrid PET/MRI is an equipment which offers anatomical and functional information
simultaneously. Nowadays the PET/MRI is available commercially. However its implementation
is neither massive nor a priority for the medical centers. The principal reason is due to the high
cost of the device in comparison with an MRI and a PET separately and the specificity of the ap-
plications. The principal component that rise the price is the fact that the common photomultiplier
based detectors of PET does not work properly in presence of high magnetic fields, then SiPM has
to be used as well an arrangement of optical fibber, to avoid the magnetic field influence in the
photomultipliers. In addition, the coils material interferes attenuating the intensity of γ rays [45].
Then, the nuclear medicine part needs instrumentation that is susceptible to interfere in the signal
acquisition process by the MRI equipment (and viceversa).
2.2. MRI Overview
One of the most important intrinsic properties of matter are the nuclear magnetism and nuclear
spin. Nucleus magnetism is observed by magnetic field interaction with the nuclear spin. The
nuclear spin I is the total angular momentum for all nucleons (mass number A), from angular
kinetic moment l (over i to A number of nucleons) and the nucleus spin s (for n to neutron and p to




(li + si) , (2-1)
with
sp = sn =
1
2
l = 0, 1, 2...
hence
A even→ I = 0, 1, 2...










The nucleons, are fermions (A odd particles) and therefore obey the Pauli exclusion principle;
which asserts that two fermions cannot have identical quantum state. For example, a 1H is an odd
mass number and corresponds to a unique proton, it has I = 12 . Deuterium,
2H, corresponds to
a proton and a neutron, may be combined in a parallel configuration with a nuclear spin I = 1 or
anti-parallel with I = 0 (see Figure 2-1). The consequence of nuclear spin is the Zeeman splitting,
when nuclei are within the influence of a magnetic field . A nuclear state with spin I is (2I + 1)






Figure 2-1.: Schematic energy level for a 2H.
degenerate. Figure 2-2 shows the splitting of the 1H with I = 1/2, 15N with I = 1/2 and 27Al with
I = 5/2 as a function of magnetic field. The Zeeman splitting of a 1H is about 10 times larger than
the Zeeman splitting of a 15N nucleus, at the same magnetic field. This is because a proton is about




Figure 2-2.: Zeeman splitting in magnetic field function for 1H, 15N and 27Al.
NMR quantum description
The nuclear magnetic moment −→µ , is collinear and proportional to the spin angular momentum
−→
I ,
−→µ = γ~−→I , (2-2)
with γ gyromagnetic ratio as a nuclear proportionality constant, and ~ = h/2π proportional to
the Planck constant. In presence of a magnetic field, the spin vector precesses. The angular
momentum and the associated energies are quantized taking only discrete values, hence in the
presence of external magnetic field
−→
B0, the degeneracy of the eigenstates of the nuclear spins




= γ~−→I −→B0 , (2-3)
= −mγ~B0.
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For I = 1/2 nuclei , with a two energy levels (up and down), the separation of levels in energy is
given by
∆E = E1/2 − E−1/2 = γ~B0 (2-4)





the so-called Larmor frequency.
The energy of the system is described by the Hamiltonian. In this case, it is the sum of the total














where ĤZ refers to the Zeeman splitting due to the magnetic field and Ĥr f refers to the external
radio frequency field used to manipulate the spin ensemble evolution, which are both externally
applied.
The Hamiltonian ĤDD refers to the direct dipole–dipole coupling interaction due to magnetic
interactions of nuclear spins with each other, ĤCS refers to the the chemical shift due to the in-
direct magnetic interaction of the nuclear spins and the external magnetic field mediated by the
electrons, ĤJ refers to the indirect dipole–dipole coupling (J-coupling) interaction due to the
magnetic interactions of nuclear spins with each other mediated by the electrons, and ĤQ refers
to the quadrupolar coupling due to the electric charge distribution in the nucleus with the electric
field gradients resulting from surrounding charges[33].
External Interactions
When spins are placed into an external constant magnetic field
−→
B0, they align within the field. The
Zeeman Hamiltonian as previously described, is given by






B0 = −mγ~B0 . (2-7)
When a short and strong time-dependent magnetic field,
−→
B r f , is applied in the x-direction by
means of a radio frequency ( r.f.) coil with a phase φ and oscillation frequency ω1, the field will
be given by
−→
B r f = Br f cos(ω1t + φ)−→e x (2-8)
where Br f is the maximum oscillation amplitude. This can be represented by oscillating fields as
two counter rotating vectors representing the resonant and non-resonant components. The resonant
2 Prelimilar Concepts 8
component rotates with the Larmor precession and the non-resonant component in the opposite
direction:
−→












cos(ω1t + φ)−→e x − sin(ω1t + φ)−→e y
]
. (2-10)
Neglecting the non-resonant component, the corresponding Hamiltonian for the effect of a r.f. pulse
is:
Ĥr f ≈ −γ~B1
[
cos(ω1t + φ)Îx + sin(ω1t + φ)Îy
]
(2-11)
where B1 = 12 Br f and Îx, Îy the angular momentum operators. The quantity |γB1| is proportional to
the r.f. field peak in the coil. This is called the nutation frequency, ωnut, and is a measure of how
strongly the r.f. field influences the resonant spins.






Ĥ |Ψ(t)〉 . (2-12)
Quantum mechanics has given an explanation for the behaviour of a nuclear spin; a single nucleus
in isolation. However usually it is dealt with large ensembles in which different nuclei may occupy
different states |Ψ(t)〉. The description must therefore account for the ensemble averages. This is
done by representing the average by a sum over all subensembles, each with classical probabil-
ity Ni. In each subensemble all nuclei are in identical states |Ψ(t)〉. For example, the averaged
expectation value along the z-axis then becomes
〈Ψ(t)| Îz |Ψ(t)〉 =
∑
i
Ni 〈ϕi(t)| Îz |ϕi(t)〉 (2-13)
where the bar over a quantity represents the averaging of the subensembles and |ϕi(t)〉 represents
the eigenstates. For the case of spin I = 1/2, the expectation value is given by







where N+ and N− are the number of spins in the mI = +1/2 and the mI = −1/2 states respectively.
NMR semi-classical description
From the semi-classical description, N is the total population of the energy levels. The popula-
tion of the two energy levels is very similar, because the energy difference is small compared to
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the thermal energy of the system at room temperature. The ratio of the populations in thermal






















where kB is Boltzmann’s constant. A related quantity is the polarisation, PB, which describes the










This expression is simplified by the fact that the thermal energy is much bigger than the magnetic















Figure 2-3.: The macroscopic magnetisation of spin 1/2 on the laboratory frame. The green arrows
represent individual nuclear moments. The vector sum of the nuclear moments on the
xy plane is zero because an individual nuclear momentum ha equal probability of
being in any direction of the xy plane. M0 is due to the small population difference
between − and + states, which is parallel to the direction of the static magnetic field
B0.
The reduction in Equation 2-17 constitutes a quantum derivation of the Curie’s law for magnetisa-
tion should be proportional to 1/T . The observable NMR-signal has an intensity which is propor-
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tional to the sum of all magnetic moments µ j (Figure 2-3). This macroscopic magnetisation, M0,








where, for a sample total number of spins NS = N+ + N− , the magnetisation of a sample M0 gives
a observable magnetisation, because nuclear spins precess about the magnetic field along the z
axis of the laboratory frame, an individual nuclear moment has equal probability of being in any
direction of the xy plane. M0 results from the small population difference between the − and +
states.
In order to observe such a signal, the thermal equilibrium must be perturbed by applying an
additional magnetic field exactly at the resonance condition described by Equation 2-3. This per-
turbation field is the one related to Ĥr f in Equation 2-11. The r.f. field can tip the spins, and thus
the magnetisation when is close to the Larmor frequency ω1 ≈ ω0. In a classical picture, it is
described by applying a torque, −→τ tor = −→µ ×
−→
B , to the magnetic dipoles or in a quantum magnetic
description generates transitions between the two energy levels. Classically the torque corresponds












B consists of both, the static applied field
−→
B0 = (0, 0, B0) defining the z-direction, and the
magnetic vector of the radio frequency field
−→
B1. The latter can be thought of as a field rotating in




B = (B1 cos(ω0t),−B1 sin(ω0t), B0) (2-20)
Equations 2-19 and 2-20 may then be combined to give three equations for the time dependence of
the components of
−→






















Spin lattice interaction, T1
In the case of no interacting protons dMz(t)dt = 0. However for interacting protons the exchange of
energy with the surroundings, induce that their moments align with the external field. T1 is the
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interaction constant which describes the grow rate. Due to proton interaction with the lattice, the
change of the longitudinal magnetisation, dMz(t)dt , is proportional to the difference M0 − Mz. The
proportionality constant is empirically determined and represents the inverse of the time scale of






(M0 − Mz) (
−→
B0 ‖ −→z ), (2-22)
where T1 is also kown as the experimental spin lattice relaxation time [26].
Spin-spin interaction and transverse decay, T2
The decay of the transverse magnetisation, begins when the spins experience local fields which
are combinations of the applied field and the neighbours field. The spins experience an individual
dephasing, reducing the net magnetisation vector. The total magnetisation is the vector sum of all























the additional terms follow a exponential decay of any initial value for
−→

















Equation 2-25 1 describes an exponential decay of the magnitude of the transverse magnetisation[26].
2.2.2. Spin Echoes: Measurement of T2 [27]
The relaxation time T2 has information about the dynamic of the molecules. In the homogeneous
case, in an NMR spectra the width-at-half-height (in Hz) is given by 1/πT2, where T2 is the trans-
verse relaxation time constant. This is, however, an ideally case, commonly the width of the NMR
peaks tends to be larger than 1/πT2, due to the inhomogeneous broadening. The magnetic field
varies within the sample, spreading the peak out, thus increasing the line-width. The peak broad-
ening occurs by two main mechanisms in the NMR spectra:
1. Homogeneous: It is due to fluctuating microscopic magnetic fields, and is quantified by the
transverse relaxation time constant T2.
1the prime symbol denotes rotational frame
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2. Inhomogeneous: It is due to the variation of the macroscopic magnetic field over the volume
of the sample, due to instrumental imperfections, or susceptibility effects. These additional
inhomogeneities can be characterised by T∗2.
The spin echo (SE) experiment picture in a rotating reference frame, begins with a π/2 pulse ro-
tating the spins around the x′-axis, into the transverse plane where starts the precession. The spins
accumulate extra phase, until the accumulation is inverted by the π pulse. Then the spins continues
collecting extra phase at the same rate but in a reversed way. At a later time, all spins return to the
positive y′-axis together, forming an echo at the 2τ, being τ the dephasing and rephasing time. The
echo amplitude is still reduced: this decay intrinsic process is the T2 decay. Figure 2-4 shows an
scheme of the process.
The full peak width in the spectrum is a superposition of the mentioned mechanims: the homo-
geneous and the inhomegeneous one. However, the spin echo sequence allows to distinguish the
homogeneous decay from the inhomogeneous one, since the latest is reversed by the application









Figure 2-4.: The spin echo sequence: the sequence begin applying a π/2 tiling all magnetic mo-
ments in phase, then followed by a π pulse after a time τ to reverse the phase. The
magnetic moments begin to be in phase again and then an echo appears, at a time
TE=2τ after the first pulse. The maximum intensity of the echo decreases exponen-
tially with a time constant T2
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Spin echo sequence consist of two r.f. pulses, begins with a π/2 pulse followed by a refocusing
pulse of π. The signal in a spin echo sequence experiences three steps, in the first place in t=0 and
immediately the spin point along the −→y ′ axis, the spins at different positions −→r begin to dephase,
relative to each other, and each one experiments different field strength. The accumulate phase of
the spin at −→r in the rotating frame is found by subtracting the Larmor term. The phase ϕ in this
frame relative to the −→y ′-axis
ϕ(−→r , t) = −γ∆B(−→r )t for 0 < t < τ (2-26)
where ϕ0 = 0 an τ is the time between the π/2 and π pulse.
In the second place another r.f pulse with twice the amplitude is applied. The second pulse is
along ŷ′, rotating the spins about y′-axis through the π, at time τ. The spins, which had previously
accumulated extra positive phase during τ+, now have, at the instant after the π-pulse, the negative
of that phase during τ−, and vice versa,
ϕ(−→r , τ+) = −ϕ(−→r , τ−) (2-27)
= γ∆B(−→r )τ (2-28)
Finally, the spins continue, after time τ, to accumulate phase according to the Equation 2-26,
ϕ(−→r , t) = ϕ(−→r , τ+) − γ∆B(−→r )(t − τ) (2-29)
= −γ∆B(−→r )(t − 2τ) (2-30)
= −γ∆B(−→r )(t − TE), t > τ (2-31)
with echo time defined by
T E ≡ 2τ. (2-32)
Since the rate at which phase is accumulated by each spin there are no changes, all spins returns to
ϕ = 0 at the same time, the echo time.
In practice, T2 can be measured by repeating the spin echo sequence with a different echo time.
The data are collected for more than one echo of the initial rf excitation, applying multiple π pulses
after a single π/2 pulse. It is assumed that these pulses are along the −→y ′-axis, then the refocusing
is always along the same axis. For a uniform spacing, the nth π-pulse is at the time (2n − 1)τ.
Following the initial pulse a decay is presented due to the inhomogeneities in the main magnetic
field, characterised by T∗2. The signal in each echo as a function of time, fitted to a exponential
function shows the spin-spin relaxation constant [26]. An experiment of multiple spin-echo is
performed to read the dose information in the gel-detector, with multiple echoes (π-pulse) (Figure
2-10). The experiments are repeated at a repetition time TR as long as possible to diminish T1
influence, because the time is big enough to have the longitudinal total relaxation before to repeat
the sequence.





π π π π π
π/2
π π π π π
Figure 2-5.: The multiple spin echo sequence: a π/2 is followed by multiple π-pulses, after each π-
pulse a new echo can be measured. The sequence can be repeated, in a repetition time
(TR). When TR is too long compared with T1 the spin-lattice effect can be neglected,
since M‖ will be almost recovered before the new sequence.
2.2.3. Spatial Resolution, Noise and Contrast
Spatial Resolution
MR images are achieved by spatial encoding of the frequency of Equation 2-3. A magnetic field
gradient is applied (e.g in the z-axis, Gz(t)) during the SE sequence, so that the frequency detected
depends on the strength of the magnetic field in each position as follows:
ω (z, t) = γ
−→





= ω0 + γzGz(t). (2-33)
This gradient is the so-called read or frequency gradient. To encode a second direction, so that
a 2D MRI is acquired, prior to frequency acquisition, a second and (usually) orthogonal gradient
dephases the detected frequency. This is the so-called phase gradient. This gradient is applied with
different strength in each acquisition so that the de-phasing can be modulated as a wave with a
phase frequency. Finally, this frequency is correlated to the position in the direction over which
the phase gradient was applied. For the sake of simplicity, and with no loss of rigour, this gradient
is not considered in the following description.
The signal detected in each pixel will be proportional to the nuclei density ρ(z), protons in this
case. Assuming the proportionally constant as 1, the signal will be described as the sum of all
protons weighted by their frequency as:
S (t) =
∫
ρ(z)exp (itω0 + itγzGz(t)) dz. (2-34)
In order to obtain an image, ρ has to be described as a function of the detected signal. Thus, by
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applying a Fourier Transform (FT) it is obtained:
ρ(z) =
∫
S (t)exp (−i2πkzz) dz. (2-35)







which describes the z component of the so-called
−→
k -space 2.
Assuming a constant gradient, each step of the
−→
k -space in the frequency gradient direction will be




G f req∆t. (2-37)
In the case of a constant phase gradient applied with steps ∆Gphase each step of the
−→






where tacq = N f req∆t is the acquisition time when N f req points are acquired, i.e. N f req pixels in
the frequency direction. In this work the same number of pixels in both directions (frequency and
phase) were acquired, although not always shown in the figures. For this reason, from now on the
parameter N will be used indistinctly in both cases, unless specified.
The total
−→
k -space (or inverse space) sampled can be described in each sample direction as ktot =
N∆k, as well as the total (direct) space: the Field of View (FOV) is given by FOVi = N∆xi.
Obviously, there is a relation between the direct space, FOV, and the (inverse or)
−→
k -space as
described in Equations 2-34 and 2-35. The FOV in one direction, e.g. frequency direction, can
be considered as the distance between the maximum position sampled and the minimum one as
follows:
















Given the last equation, the
−→
k -space in one direction can be described as:







being ∆z the minimum resolved space in the frequency direction in MRI. Thus the minimum
resolved space, i.e. the spatial resolution in MRI in the frequency and phase directions respectively,
2This description is also valid to any direction.
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Signal to noise ratio, SNR
All physical measurement has a noise influence, which can affect the accuracy or interpretation of
the measurement. In MRI, in general the noise is characterised by the signal-noise-ratio (SNR).
This parameter determines the effectiveness of any image experiment. The goal in a MRI is to
obtain enough voxel signal relative to noise, as measured by the ratio of the voxel signal to the
noise standard deviation. The noise voltage carry random fluctuations in the receive coil electronics
and the sample. The variance of the fluctuating noise voltage can be described, according to the
variance definition var(g(x)) =
∫
f (x)(g(x) − g(x))2 dx where g(x) is the random variable, g(x) its
expected value and f (x) the density function. In the case of the em f of a coil will be given by:
var(em fnoise) ≡ σ2thermal ∝ (em fnoise − em fnoise)2 = 4kT · R · BW, (2-42)
where horizontal bars over the terms implies the average values, R is the effective resistance of the
coil loads by the body, BW is the bandwidth of the noise voltage detecting system and em f refers
to electro magnetic force. The noise variance σ of the body and the coil together is the sum of
variances since these statistical processes are independent, leading to
σ2thermal(
−→
k ) = σ2body(
−→
k ) + σ2coil(
−→
k ) + σ2electronics(
−→
k ), (2-43)
for all k-space values. An MRI image is digital and consist of a matrix of voxels or picture ele-
ments. Each voxel is assigned a value that corresponds to a signal intensity. In the experimental
practice the noise has relation with the acquisition parameters, such as TE, TR, ∆x, ∆y, ∆z, the
factors corresponding to the sample are not considered image parameters. The voxel signal de-
pends on the voxel volume which is an imaging parameter ( ∆x × ∆y × ∆z). The SNR/voxel
depends on the number of acquisitions Nacq, the number of k-space samples Nx,Ny and Nz, the
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Since voxels are three dimensional rectangular solids, the resolution is frequently different in the
three different directions. The size of the voxel, and therefore the resolution, depends on matrix
size, the FOV, and the slice thickness, which affect the SNR. Since averaging and increasing the
phase steps takes time, SNR is related closely to the acquisition time. There are many factor to
improve the SNR according with the experimental interest. The following summary refers to the
acquisition parameters which may improve the hybrid design SNR.
• volume acquisition
• reduction the bandwidth
• use of surface coils or ad hoc coils (as suggested in the last chapter)
• increasing the number of excitations
• increasing the signal through decreasing the TE and increasing the repetition time TR
• adjust the FOV
A full review about this topic can be found in [26].
Contrast
A high SNR does not guarantee a useful image. The aim of an image is to distinguish between
tissues. In the gel detector, the contrast depends on other factors different to the MR. The image
points to be distinguished, depends also on the gel sensitivity. Assuming a good dose deposition in
the gel,it can be assumed two distinguishable points in the MRI image. There is a relation between
the contrast and the SNR, assuming to different tissues A and B, their signal difference is defined
as the contrast:
CAB ≡ S A − S B, (2-46)
where S A and S B are the voxel signal of the tissues A and B, respectively. If the noise of each
signal is too large, it is not possible to distinguish between tissues. A more appropriate measure is
the ratio of contrast to the noise standar deviation, known as the contrast-noise-ratio CNR. Ideally
an MRI should have a enough spatial resolution to resolve the two tissues and to have a high CNR
to distinguish between them. Empirically, it is applied contrast criteria as the Rose criterion [29],





S A − S B
σ0
= S NRA − S NRB. (2-47)
MRI has many signal manipulating mechanism, and contrast maximization depending on the tissue
to enhance. Common methods to contrast in the medical image context are the T2, T1 and spin
density weighting, which are achieved through the time parameters in the sequence acquisition. A
general description for each mechanism of contrast is resumed in the Table 2-1.
For this device purpose, the contrast is enhanced by the spin density, related simply with the
concentration of the spins contributing to the signal.
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Table 2-1.: Acquisition times relation with mechanims of contrast
Type of contrast TR TE
spin density as long as posible as short as possible
T1 weighted on the order of T1 value as short as posible
T2 weighted as long as possible on the order of T2 value
2.3. Gel dosimetry
The early development of hydrogels used as a way of measuring dose was suggested in the 1950,
when a colour change in hydrogels due to radiation was observed [15]. However, it was seriously
explored in the 1980 due to its complexity for dose evaluation. The first methods of reading in-
cluded optical scanner and CT. In the medical context, MRI gel dosimetry become importance
thanks to its potential to obtain information of the dose by the irradiated gel in 3D images. The
principal application of the dose measurements is the clinical dose planing, which requires special
accuracy. Nowadays, the principal and the most explored application is the register of dose in-
formation in 3D. This characteristic is very useful in the radioteraphy plan treatments [3, 16, 24],
where the main objective is to deliver a prescribed dose of radiation to a tumours or lesion, min-
imising the dose delivered to the surrounding healthy tissue. The gel density and composition is
tissue equivalent, and an extensive part of the development is focused on achieving the most close
characteristics for manufacture anthropomorphic phantoms.
There are many kinds of gel, whose formulations development depends on the application. How-
ever, in all cases a shared objective is to increase the radiation sensibility. Two general formulations
are used in gel dosimetry; the first one is the ferric ion based (FRICKE) and ferrous agarose gel.
FRICKE gels present more sensibility to 1/T1 measurements [3]. The second one is the Polimeric
gels (BANG®, MAGIC®). These are based on dose dependent radiation-induced polymerisa-
tion, the free radicals arising from the water radiolysis were known to initiate polymerisation in a
monomer solution. When the absorbed dose in a solution of monomers exceeded a certain value,
the solution is transformed into a polymer gel. This polymeric gel presents more changes in 1/T2
[34].
2.3.1. Dose-T2 dependence
The gel choosen for the device is a polymeric gel based on a MAGIC®gel. A polymeric gel
consist of a hydrogel in which monomers are dissolved. The radiation induces a polymerisation
reaction. The state of polymerisation is dose-dependent. The polymers formed in this reaction,
has influence in the mobility of the water molecules thus modifying the spin-spin relaxation rate,
R2 = 1/T2. The chemical and physics mechanism of the gel polymerisation are well explained in
the next section (based on the review [18]).
Chemical mechanisms
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The ionizing radiation induce the radiolysis process. In this process water molecules are dissoci-
ated in several highly-reactive radicals and ions; this products are created in spurs after which they
diffuse and may react with other molecules. Then, the interaction radius increases with the time.
During the first femto-seconds of the photon energy deposition, the process is given and is energy
dependent. It was reported that for photons coming from a 6MV linear accelerator the localization
of the dissociated products is within 1 nm from the path of the ionizing particle. After 10−8 s
the quadratic average displacement amounts to 9 nm. A schematic representation of this process
is shown in Figure 2-6. The most present intermediates are the "aquatic electrons", the hydroxyl





































Figure 2-6.: Illustration of radiolytic products of water ionization products and time scale of the
interaction radius. Adapted from the reference [18].
The decomposition of reactive intermediates can be written as a simplified reaction of which the
reaction rate is proportional to the absorbed dose,
H2O −→ 2R•. (2-48)
The radicals initiate the polymerisation of monomers by binding to an electron of the double bound
of the monomer. The initiation step can be written as:
R· + Mn −→ RM•n . (2-49)
Initially, n = 1 because of the lack of polymers. However, as the cross-linking monomers have
two double bonds on the same molecule, there can be reactive double bonds in the cross-linking
polymer. Thus, during the complete polymerisation period there may begin to appear polymers
Mn consisting of n monomer units, which react with the radicals. The reaction constant depends
on polymer size (i.e. the number of repetitive monomer units). Then the reaction rate tends to be
be smaller for larger polymers. The growth of the polymer chains results from propagation chain
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reactions by which the created monomer and polymer radicals react further with other monomers or
polymer chains. Equation 2-50 shows the general case where the polymer radical with n monomer
units react with a length m polymer. Termination of the polymerisation reaction takes place by
the combination of two radicals or by disproportionation. In addition to termination reactions, the
growing polymer-radical may also terminate by transfer of the radical group to other molecules.
RM·n + Mn −→ RM
·
n+m. (2-50)
For methacrylic acid gel, as the one used in this work, polymer chains react with the gelatin in a
process called graft polymerisation.
Physical mechanisms and NMR
From the above chemical description, it can be expected that the polymerisation reaction is dose-
dependent. In order to understand the effect on the NMR relaxation rates 1/T1 and 1/T2, different
proton ensembles have to be considered , which belong to molecules that experience the same
chemical environment, the so-called proton pools. There are three proton pools to consider:
1. The free and quasi-free protons (mob)
2. The growing poly-acrylamide network and the water molecules bound to the macromolecules
(poly)
3. The gelatin matrix and the water molecules bound to the gelatin (gela)
It is well known that the spin-spin relaxation of different proton pools is governed by the rate of
molecular tumbling and Brownian motion of the molecules that contain these protons [8]. This
results in a change of dipolar coupling between neighbouring protons following a change in the
dephase rate of the spin- magnetic dipole moments. Then, it is expected that the relaxation rate
of the proton pools is correlated with the mobility of the protons within these pools. The different
proton pools are thus characterized by different relaxation rates. Considering that the lifetimes of
protons in the various environments are larger compared to the characteristic correlation times of
the environments, each environment has intrinsic relaxation rates. These relaxation rates (R2mob,
R2poly, R2gela) are independent of the specific lifetime value (τmob, τpoly, τgela). Furthermore, if the
lifetimes are long compared to these relaxation times, the NMR signal is the same as the sum
of the signals from isolated, non-exchanging environments. In this case, the relaxation curve
can be described as a multi-exponential composed by population fractions of the different pools,
determined by the coefficients of the different exponential components. This is the slow exchange
case. On the other hand, when these lifetimes are short compared to the relaxation times and long
compared to the correlation times, the observed relaxation curve will be mono-exponential with a
relaxation rate that is the weighted by the relaxation rates of the different proton pools in the entire
sample [47].
R2 = fmob · R2mob + fpoly · R2poly + fgela · R2gela. (2-51)
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For R2 NMR measurements on polymeric gels, the condition of fast exchange is fulfilled. Before
irradiation, the second proton pool is empty while the first proton pool is at its maximum. Then,
after irradiation, the second proton pool starts to grow by reduction of the first proton pool.
R2 will change proportionally to the monomer amount converted. The mobility of monomers is
relatively high and so the mobility of water molecules bounded to the monomers by hydrogen
bridges. However, once the gel is irradiated, the molecular mobility decreases. Then, the spin-spin
relaxation is more effective, which produces an increase on the spin-spin relaxation rate R2, thus
decreasing T2.
Table 2-2 shows the dose sensitivity of the different monomers for different functional group. Each
functional group determines the polymerisation rate of the monomers (inversely proportional to the
half-dose value D1/2) and the cross-relaxation efficiency. R2sat − R20 is the difference between the
R2sat , where the R2-dose behaviour is no more linear and the R20 which is the R2 vale at no dose
exposition . The highlighted row corresponds to the polymer gel used in this work.






Acrylamine 5.5 (0.1) 0.3311(0.012) 4.2(0.4)
Acrylic Acid 31.2(0.1) 0.358(0.006) 10.6(0.4)
Methacrylic Acid 12.5(0.1) 1.193(0.048) 18.4(0.4)
1-Vinil-2-Pyrrolidone 23.6(0.1) 0.082(0.004) 13.7(0.4)
2-Hydroxyethyl Acrylate 5.5(0.1) 0.498(0.003) 4.2(0.4)
2-Hydroxyethyl Methacrylate 41.6(0.1) 0.046(0.002) 4.9(0.4)
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2.4. Interaction γ-matter
The radiation-matter interaction process is the main physical principle in the development of the
hybrid detector. Optimisation of the interaction process between the gel and the radiation is key in
the dose MRI measurement. Some of the main process in the interaction γ-matter are shown in this
section. The information summarised here was reviewed in [32]. The main interaction processes
of γ radiation with matter at the nuclear medicine energy range are: the photoelectric absorption,
the Compton effect and the pair production, being the first two the most important in this work.
Photoelectric effect is an interaction of the γ ray with energy Eγ with a bound electron of the atom.
The photon deposits all its energy on it, then the γ ray disappears and a photoelectron is ejected of





Figure 2-7.: Scheme photoelectric absorption process
energy, and most of the remainder is transferred to the free electron as kinetic energy. A very
small amount of recoil energy remains with the atom to conserve momentum. This is the so-called
photoelectric absorption. Photoelectric absorption is important for γ ray detection because it gives
up all its energy, and the resulting pulse falls in the full-energy peak [31].
The other γ-matter collision mechanism to consider in this work is the Compton scattering. The
mechanism is similar as the previous one, however not all photon energy is absorbed by the colli-
sion. Then a photon is emitted after collision whose energy Eemit depends on the scattering angle θ









where m0 is the electron rest mass.
A common γ source used in nuclear medicine comes from positron sources. The process starts
emitting a positron that interacts with an electron of the medium. Then it is annihilated producing
two γ rays travelling in almost opposite directions (Figure 2-8). Common positron emitters iso-
topes are 22Na and 18F. In this work there will be explored different sources: mainly 99Tc and the
photon of 511 keV product of 18F positronic decay.







Figure 2-8.: Annihilation process scheme.
2.4.1. Exponential attenuation
The γ ray intensity measured through a sample is always attenuated due to the γ ray interactions






Figure 2-9.: The source emits γ rays with intensity I0, attenuated when crossing the sample.
absorber of thickness x. The emerged intensity I transmitted by the absorber is:
I = I0e−µx, (2-53)
where µ is the linear attenuation coefficient. This attenuation is the probability for γ rays to interact
with any material, commonly given in cm−1. The linear attenuation coefficient can be expressed as
a function of the cross sections of the individual interaction processes,
µ = N(σphotoelectric + ZσCompton + σpair production), (2-54)
where N is the density of atoms and Z the atomic number,
N = (NAρ/A), (2-55)
where NA Avogadro’s number, ρ density of absorber and A atomic weight [32].
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The linear attenuation coefficient can also be expressed in terms of mass attenuation coefficient µm
and the density ,
µ = µmρ. (2-56)
To determine the mass attenuation coefficient it is necessary to know the stoichiometric composi-
tion of the sample studied and the energy of incident γ rays because the µm coefficient depends on




(σphotoelectric + ZσCompton + σpair production), (2-57)
Then the γ transmission intensity I in terms of the mass attenuation coefficients can be expressed
as:
I = I0e−µmρx. (2-58)
2.5. Dose calculations with Monte Carlo
The Monte Carlo (MC) methods is an statistical sampling technique being applied for the first
time in physics phenomena in 1947 to solve neutron diffussion problems in fission devices. The
main idea was to know the history of the neutron, using random digits to select the outcomes of
various interaction along away. The neutron problem is analogous to a Monte Carlo roulette game.
The use of random numbers to make the choices along its way is analogous to the random turn
of the roulette [19]. The Monte Carlo method is used in many physical phenomena which need
a numerical method to solve equations or calculate integrals based on random number sampling.
In medical physics it is useful to simulate the transport of particles, and their process; in our case
photons. The photon case will be described below[39]. This begins by assuming that a photon of
energy E hits the surface of an homogeneous medium. Then, the probability p(s) that this photon
interacts after a path length s within the medium is given by:
p(s)ds = µ(E) exp(−µ(E)s)ds. (2-59)
The term µ(E) is the linear attenuation coefficient of the medium for photons of energy E. The
mean free path length 〈s〉 until interaction can be calculated from this probability distribution if the
















p(λ)dλ = exp(−λ)dλ. (2-62)
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To calculate λ, the photon must be traced on a straight line from the S tart position on the sur-
face through different regions i containing different materials until the interaction point P. In each
region i with linear attenuation coefficient µi(E), the corresponding line segment si must be de-
termined. This tracing algorithm to calculate λ is an essential part of MC simulations in the dose
calculation to estimate the gel response as a radiation detector. It is related to the energy deposited
and the history process within the gel; this algorithm is provided by Geant4 [2]. Figure 2-10










Figure 2-10.: Schematic particle history example starting with a primary photon γ via Compton
interactions and pair production events leading to secondary photon γ and secondary
electrons and positrons.
The attenuation Equation 2-62 provides the probability weight distribution fuction p(λ). The cu-







dλ′ exp(−λ′), P(0) = 0, P(∞) = 1. (2-64)
The function is monotonically increasing in [0,∞). The sample λ1, i.e. the distance to the first
interaction site, using the transformation method and an uniform random number ξ1 from the half
open interval [0, 1), can be given by:
ξ1 = 1 − exp(−λ1),⇒ λ1 = ln(1 − ξ1). (2-65)
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The notation of the intervals means that number 1 must not be included in the sequence of random
numbers. If it is included, the logarithm in 2-65 is undefined. According to the geometric set-up
of the simulation, the photon is tracked λ1 mean free path lengths to the first interaction point.
Then, the type of interaction has to be sampled. In the energy range of radiopharmaceuticals, four
process are most common; photoelectric absorbtion, Raleigh scatter, Compton scatter and pair
production. This processes are correlated with the interaction coefficients and material parameters
at the interaction point:
µ(E) ≡ µtot(E) = µA(E) + µr(E) + µC(E) + µp(E), (2-66)
and the interval [0, 1) is divide by the interactions as:
[P0,P1] : photoelectric absortion (2-67)
[P1,P2] : Raleigh scatter
[P2,P3] : Compton scatter
[P3,P4] : pair production
with
P0 = 0, P1 = P0 +
µA
µtot
, P2 = P1 +
µR
µtot
, P3 = P2 +
µC
µtot
, P4 = 1. (2-68)
Knowing the interaction type, the parameters of all secondary particles can be determined. The
energy and the scattering angles, are sampled using the probability distributions given by the cor-
responding differential cross sections.
2.5.1. Geant4
Geant4 [2] is a free software package Monte Carlo based, developed by the CERN-RD44 collabo-
ration, composed by tools which can simulate the passage of the particles through the matter. The
process included in the toolkit are:
• the geometry of the system
• the materials involved
• the fundamental particles of interest
• the generation of primary events
• the tracking of particles through materials and electromagnetic fields
• the physics processes governing particle interactions
• the response of sensitive detector components
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• the generation of event data
• the storage of events and tracks
• the visualization of the detector and particle trajectories
• the capture and analysis of simulation data at different levels of detail and refinement.
Geant4 has an abundant set of physics models to simulate the interaction of particles with matter
across a wide range of energy. It is written in C++ in a object-oriented technology. Geant4 has
class category structure with hierarchy foundation global in charge of conveys the system of unit,
constant, numeric and random number handling. The materials and particles, and the geometry
module offers the ability to describe a geometrical structure and propagate particles efficiently
through it. The class categories are divided in the track category containing classes for tracks
and steps. It is used by the process which contains the models for electromagnetic interactions
of leptons, photons, hadrons and ion as well hadronic interactions. All processes invoked by the
tracking, which manages their contribution to the evolution of a track’s state, provides information
in sensitive volumes for hits and digitization. The categories above of these are; event in charge
of to manage events in terms of their tracks and the run which manages collections of events that
share a common beam and detector implementation. A readout category allows the handling of
pile-up. The categories are connected to the facilities outside the toolkit through abstract interfaces,
provide visualization, persistency and user interface capabilities [36].
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3. Image Optimisation
Los seres humanos no nacen para siempre
el día en que sus madres los alumbran,
sino que la vida los obliga a parirse a sí
mismos una y otra vez
Gabriel García Márquez
The main characteristics of a γ image are defined by the resolution and the contrast; which is
collimator dependent in our device. Its function is to define the image to provide quality in terms
of resolution. In order to understand the influence of the collimator on the resolution, contrast,
size and position, the collimator parameters such as thickness, length and inter-septal space were
analysed. These parameters were improved considering as a reference the line spread function
(LSF) expected according to the radiation sources used. This chapter starts with a review of some
concepts to consider in the development an design of the collimator, then it continues with one
dimension in silico experiments1 performed in Geant4 [2]. From now on, in silico experiments
refers to the Geant4 simulations.
3.1. One dimension signal optimisation
Collimators are well defined for gamma cameras use. Leaded by optical geometric relations with
the source, the main idea is to convey only the photons traveling directly along the source detec-
tor line (z-axis). There are many kinds of collimators some of them are showed in Figure 3-1;
classified by focusing type.
Detector Position
Parallel Diverging Converging Pinhole
Figure 3-1.: Some of the most common collimators, those are classified by focusing.
The converging ones are used to magnify images tipically when the object of interest is smaller
than the detector. The diverging ones are used to minify images when the object of interest is larger
1in silico refers to those performed in a computer based on simulations unlike from in vitro which are laboratory
performed.
28
29 3.1 One dimension signal optimisation
than the detector. The slant hole (parallel) ones has a oblique view, usually use full in the rotation
of the camera. The fan beam (diverging) collimators are designed for rectangular cameras when
viewed from one direction, the holes are parallel. When viewed from the other direction, the holes
converge. The pinhole ones are made with a single hole, they are used to define an aperture and
give a magnification of small organs. The parallel holes collimator is the one used in the design
of the hybrid of this work. It is the most common used in nuclear medicine images, and has a
one-to-one relation of the projected image. The collimator must be manufactered according to the
range of energy to use [37]. Two shapes square holes and honeycomb configuration, are analysed.
The collimator is the first physical processing step in our image construction. The main idea is
to filter the indirect radiation to obtain, in terms of the position and deposited energy, the char-
acteristics of the object of interest. This is possible due to the γ interaction processes, where the
photoelectric effect is the most probable in elements with high Z number rather than in low weight
elements as those present in our gel detector. The most of the indirect radiation is attenuated by
the collimator, and then the γ rays travel along the perpendicular axis to the gel detector hit the gel
and deposited the maximum energy possible. The collimator material is lead because of its larger
cross section and low MRI influence as seen in Figure 3-2, in comparison with the water; main
component of the dosimetric gel. The figure shows that the process most probable is the γ-ray































Figure 3-2.: Compton scattering, photoelectric absorbtion and the total contribution are shown.
Mass attenuation coefficients show that the interaction probably is larger in the Pb
case.
The Pb diamagnetic properties are good to MRI, also has a larger γ atenuation. In general terms,
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the experimental setup, consist on a Teflon container with walls of 1 mm (thickness), filled with
dosimetric gel with a volume of x=40 cm y=5.5 cm z=2 cm. The dimensions and the quantity of
collimator septas may change and will be analysed in each case. A 99Tc source is used considering
only the γ emission, for both point-like and volumetric. Some in silico experiments were developed
using a water phantom. The data acquisition is made per volex, defined by the inter-septal space.
3.1.1. Collimator Size
The collimator is composed by rectangular septas made of lead, with specific dimensions and
thickness, combined conforming a one dimensional grid. In the next chapters we study two differ-
ent shapes of two dimensional grids. The goal is to know the optimal dimensions of the collimator
septas, obtaining enough radiation to observe T2 changes while filtering the indirect radiation as ef-
ficiently as possible. We perform an experiment varying the thickness and height of the collimator.
Based on a simple signal resolution criteria previously defined, the dimensions will be established.
The experiment consist on two point sources along the x-axis in 0 cm and 5 cm at 25 cm under the
gel as seen in the Figure. 3-3. First, the simulation was performed with a 140 keV source, where
the wall collimator width was changed within some practical limits from 0.5 mm to 3 mm in steps
of 0.5 mm, in this case the height is fixed to 4 cm. Second, the length variations of the collimator









Figure 3-3.: One dimensional simulation to know the optimal grid dimensions, which will be later
implemented in the hybrid setup.
The spatial resolution in a collimator is tipically defined as the (FWHM). This is the radiation
profile from a point or line source of the radiation, projected throughout the collimator onto the
detector [41] . In our case the detector is the dosimetric gel supported by a teflon container. An
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where b is the distance from the radiation source to the collimator, d is the distance between septas,
le = l − 2µ−1 is the efective lenght of the collimator holes, µ is the linear attenuation coefficient of
the colimator material, and l the septas lenght as shown in Figure 3-4. This equation is just and









Figure 3-4.: Radiation profile for a parallel-hole collimator. The resolution is strongly related with
the lenght of the septas, the distance to the source and the separation between septas.
The resolution criteria is based on the separation between the intensity profile of two 140 keV
point-like sources 5 cm apart. Each peak has a energy distribution assumed as Gaussian; with
the maximum energy deposition located at the expected position µa or µb for source a or b. The
standard deviation σa or σb is related with the resolution and the quality of the grid to filter the
indirect radiation. The criteria in the Equation 3-2, S is defined as the difference between the peaks
taking two standards deviation away from the mean account 95.45%, as can be seen in Figure 3-5.
A good resolution is assumed when S larger than 0.
S = (µa + 2σa) − (µb − 2σb) (3-2)
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Figure 3-5.: Separation criteria
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Figure 3-6.: Mean energy normalised to the
shortest collimator wall width.
The energy is shown for each
source and the error bar co-
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Figure 3-7.: Mean energy normalised to the
shortest collimator wall height.
The energy is shown for each
source and the error bar co-
rresponds to the standard devi-
ation.
Figure 3-6 shows the normalised energy deposited as a function of the thickness of the cell wall.
A clear influence of the attenuation is observed; more than half of the energy is lost comparing the
0.5 mm wall thickness with the 3 mm one. The scattered radiation also increases, as the standard
deviation of the energy shows. In the Figure 3-7 the normalised energy is shown as function of
the collimator length. The attenuation decreases as the collimator height is increased. However
the standard deviation of the energy increases showing a big scattering influence and a lack of
statistical significance of the energy decrease.
Regarding the resolution criteria, Figure 3-8 and 3-9 show the resolution criteria based on Equation
3-2 as a function of the thickness and length of the cell wall respectively. Figure 3-8 shows an
acceptable positive value between 1.5 mm and 2 mm, which, on the other hand, only attenuates
less than the 20% of the energy compared with the 0.5 mm initial value.
The resolution criteria can be observed in Fig. 3-9. As previously explained, it is expected a good
resolution when the difference S is positive. This happens when the collimator is between 5 and 6
cm height.
3.1.2. Resolution in a phantom
The next in silico experiment is developed to distinguish two different point sources in an aqueous
media, as a function of the distance between them. The experiment was performed placing two
point sources into a rectangular water phantom, with a initial separation of 1 cm and increasing
the separation symmetrically up to 10 cm. Then the radiation distribution along the x-axis was
























Figure 3-8.: Application of the resolution




























Figure 3-9.: Application of the resolution
criteria dependence varying the
height septa.
analysed. The dimensions used for the septas were: 1 mm width, 6 cm height and 2 cm depth.
These collimator dimensions were considered optimal base on the previous section criteria. The
centre of the phantom was placed 25 cm under the gel detector.
As expected when the distance between the sources increases the energy distribution of each source
is well defined. As shown in the Figure 3-10, the 1 cm profile does not distinguish between the
maximum of the radiation of each profile; being impossible to define if the response is due to one,
two or more sources.
When the distance between the sources increases, the position of the source are well defined. How-
ever it is useful to define a criteria according to the collimator design to distinguish the minimum
points distance. For that reason we consider the relation between the higher energy deposition for
each peak with the lower energy deposition between the peaks (named background) in Figure 3-11.
As a result, if this relation is larger than 1 it is possible to distinguish two different sources in the
x-axis.
3.1.3. Grid space
The inter-septas space is a factor related to the resolution and the absorbed energy by the gel
detector. The present experiment consists of the same setup showed in Figure 3-3, with a 140 keV
point source in the centre (x=0 cm) and 25 cm below this point. Grid dimensions were defined
as the ones of the experiment showed in the Section 3.1.1. The energy deposited, normalised to
the higher value, is detected by the gel as a function of the number of septas symmetrically spaced
along 40 cm. The inter-septal space, influences the intensity detected: the scattering (standard
deviation σ), is limited by collimator dimensions and thus the resolution, which is sought to be as
close as possible to the MRI one. Ideally the inter-septal space should be the same as in the MRI,



















































Figure 3-11.: The relation between peaks and the background shows whether it is possible to dis-
tinguish signals along to x-axis.
to have a good correlation between the relation T2-Dose and the signal acquired in each pixel. This
configuration is hard to achieve because the radiation needed to have visible changes in T2 could be
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attenuated for a too small inter-septal space. The distribution of absorbed energy along the x-axis
is studied, considering the relation with the number of septas or inter-septal space. The resolution




































Number of septas in 40 cm
Figure 3-12.: The upper plot represent the intensity as function of the number of septas, and the
lower plot the resolution.
As shown in Figure 3-12 the intensity (above) and resolution (below) as a function of the number
of septas, two regions can be defined; in the gray one, the response of the intensity and resolution
has a decreasing behaviour. In the case of the intensity, it is important to keep more than the 50%
of the intensity absorbed to ensure that the radiation induces changes in the structure of the gel,
thus observing T2 changes. The use of many septas reduces the intensity detected. In the limit of
the gray region there is a minimum value of the intensity for the resolution obtained. In the case of
the resolution there is also a decreasing behaviour in the gray region. This means a bad definition
of the point in the voxel. The light blue region shows a constant resolution as a function of the
number of collimators, close to the resolution expected for a point source. Both factor, intensity
and resolution obtained, show that the spacial distribution of the septas distance range from 5.6 mm
to 3.4 mm, had a good spatial and sensibility response. These distances agree with the previous
resolution criteria.
3.1.4. Volumetric sources
Commonly, metabolic processes are not perfectly defined in geometrical distributions: the radio-
pharmaceutical is absorbed by a group of cells and surrounded by the rest of the body. The body
37 3.1 One dimension signal optimisation
can attenuate or scatter (and backscattering) the radiation and then reduce the intensity and accu-
racy of the position and resolution. In medical images, usually, it is not possible to consider point
sources without background. In the next in silico experiment, volumetric sources are embedded in










Figure 3-13.: Experimental setup and phantom configuration for volumetric sources. The phantom
increase the backscatter and attenuates the radiation
The experiment is developed with the configuration shown in Figure 3-13, using a spherical phan-
tom with varying radius from 1 to 14 cm in steps of 1 cm, with a volumetric spherical source
inside of 140 keV. The experiment is runned with five different source radius, from 1 to 5 cm. The
deposited energy along the x-axis is fitted to a normal distribution. The central value µ is defined
as the position of the source. The standard deviation σ is defined as the resolution and the energy
deposited as the intensity in the image. Those characteristics define information per pixel in the
image. In all cases are simulated 1 × 106 events, for this reason the concentration decreases as the
radius of the source increases.
The intensity due to the attenuation, decreases (Figure 3-14) as the phantom radius increases. In
the case of the smallest source the concentration is larger and so the intensity detected. It is very
difficult to locate the emission source for phantoms with r ≤ 8 cm as seen in Figure 3-15, due to
the resolution exceeds the source profile expected. As a result, the quality of the image is well
defined below this limit. Beyond 8 cm, regardless of the source size, the backscatering inside the
phantom and the attenuation, limit the definition of the source. The central value µ is well know,
since in all cases the source is placed in the middle of the gel detector (x=0). As seen in Figure
3-15, the difference is evident in terms of the accuracy. As the phantom radius increases, the error
in the central value also increases, what difficults to establish the position of the source. A similar
behaviour is observed when the radius of the source increases due to low concentration.
The resolution in this experiment is defined as the line spread function (volumetric source projec-
tion) projected in the gel around the central position. It is expected for the bigger radius sources
a higher line spread function. The collimator used is a parallel hole one, there is not effects of
































Figure 3-14.: Maximum energy deposited in function of the phantom radius, for spherical sources























Figure 3-15.: Position of the source in function of the phantom radius
magnification in the response. As seen in Figure 3-16, beyond 8 cm the phantom radius value in-
creases larger than the source size, in this case due to the collisions inside the phantom. In source
39 3.1 One dimension signal optimisation
5 cm case, the proportion between the source and the phantom under 7 cm, shown a bad resolution



























Figure 3-16.: Response in resolution in function of the phantom radius
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3.2. Discussion
In this chapter, the main parameters of the collimator configuration were analysed by means of
Geant4. The goal of the collimator design is to obtain a similar projection of the source geometry
(i.e. a good spatial resolution) avoiding the most attenuation and scattering as possible, which is
related to the gel sensitivity and image contrast.
Figures 3-6 and 3-7, show the attenuated and scattered energy for different thickness and length
collimator walls, when two point sources are located 5 cm apart. As expected, these Figures show
that as thickness and length increase attenuation and scattering increase, which could looks like
the thinner and shorter the better the collimator. However, Figures 3-8 and 3-9, which analyse the
resolution, suggest the use of thicker and larger collimator walls for a better resolution. A com-
promise between these parameters has to be found. A comparison between Figures 3-6 and 3-8
suggest that a wall collimator thickness of 1 mm is a good compromise among resolution, attenua-
tion and scatter. Figures 3-7 and 3-9 also lead to a good compromise among resolution, attenuation
and scatter by taking 6 cm collimator wall length. For this configuration, Figures 3-10 and 3-11
show that a resolution of two point sources of the order of 2 cm can be achieved.
The last collimator design parameter to consider is the inter-septal space, which is defined by the
number of septas symmetrically spaced along 40 cm. In Figure 3-12 two regions can be observed.
For inter-septal space 40/70 cm resolution achieve a minimum. Smaller inter-septal space do not
contribute to a better resolution but they do to more attenuation. Due to experimental construction
limitations, an inter-septal space of 4 mm (4 mm space between collimator walls) was the best
agreement for an optimal collimator design, which coincides with the previous section.
Once the collimator configuration is set considering point-like sources, a more realistic model tests
the grid configuration. Thus, the model assumes spherical sources immersed in a water spherical
phantom. In Figure 3-14, it is observed that the energy scatter is not clearly affected by the source
and phantom radius. However, there is a clear influence of source radius on the the energy atten-
uation as the phantom radius increases. In phantom radius larger than 8 cm, there is a stationary
attenuation behaviour in all sources. Figure 3-15 describes the lack of accuracy of the sources
position for larger phantom radius. Specially for phantom radius larger than 8 cm the position is
not well resolved. In Figure 3-16 different sources show again a bad resolution for phantom radius
larger than 8 cm. It can be concluded that the deeper the source inside a phantom the worst the
resolution and position accuracy. It is observed a limit of ca. 8 cm phantom radius from which the
source image is not well defined.
With a clear collimator design and its influence on the basic image parameters for different sources
and phantoms sizes, the next step is to analyse the gel dose image, which will be carried out in the
next chapter.
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4. Two Dimensional image optimisation
If science is to progress, what we need is
the ability to experiment, honesty in
reporting results, the results must be
reported without somebody saying what
they would like the results to have been
and finally an important thing the
intelligence to interpret the results.
Richard Feynman. The Character of
Physical Law
In this chapter the conditions needed to obtain a dose image are shown. The dose distribution is
achieved by, means of an MRI T2 slice of the source-gel axis. The dose absorption conditions, the
sources used, the function of the collimator and the quality limits, resolution and concentration are
studied. The different components of the system, were analysed performing in silico experiments
related to the images acquisition in order to define an optimal response. The experimental work
involve the polymer chemistry, radiation physics and the quantitative use of the MRI, showing the
multidisciplinary character and limitations of the device proposed. A review is presented, showing
the possibilities to develop and enhance the prototype, based on the characteristics expected from
a nuclear imaging devices.
4.1. Irradiation and Dose Response
The application of the technique proposed, is based on the polymerisation process due to the in-
cident radiation on the gel. Depending on the kind of gel and the T2 sensitivity compounds, the
probability to have radio-induced polymerisation process increase. In the case of the well known
gels the BANG®, Fricke® and the Magic® gel, with different quantity of sensitivity agents,
the configuration shows linear dependence between the absorbed dose and 1/T2 in a wide range of
dose. The better sensitivity achieved up today shows appreciable changes in 1/T2 in a wide dose
range (cGy to tens of Gy) [4]. Commonly the resolution in a MRI for a T2 map at 1.5 T, is in
the order of 0.01 ms, however if the dose intensity is not enough to produce polymerisation, the
T2 change will not be observed in the image. However, this could be and advantage, because it
is a chemical filtering in the image for low dose deposition. The sensitivity of the gel can be en-
hanced according to the energy ranges. Since the gel composition is mostly water immersed in big
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molecules, the expected T2 is a decreasing relation as a function of the polymers formation due to
the radiation [18]. Usually the response for Magic gel formulations, is related with the transverse
relaxation rate R2 = 1T2 in a linear fit in a range of 0:30 Gy .
R2(D) = R0 + αD, (4-1)
where R0 is the background relaxation rate of a gel without radiation exposition, α determines the
change in rate per dose unit (D), which could be defined as the gel sensitivity [23].
To know the exposition time needed to achieve enough dose absorption, the following approxima-
tion 4-2 can be considered,
D ≈ 4.59 × 10−6
A0Eγ
r2x







assuming that: dose rate is estimated in µS v/h due to a γ point-like source with an isotropic
γ emission, with activity A0 in Bq, energy Eγ in MeV deposited at the surface of the gel, ρ is
the density and t the thickness in cm, λcoll is the collision length related to the mass attenuation
coefficient σ and r is the distance to the source in m [24, 43].
There is a wide spectrum of radiopharmaceuticals used in nuclear medicine images. Each one has
different properties according to the organ of interest, the contrast properties, the half life and the
energy. The most common isotopes used, are 99mTc, 123I and 18F [11] . The main interest is to
evaluate the behaviour and the response to different absorbed doses. In the in silico experiments,
it is studied the response of the 99Tc, and the source used in the experimental test was 137Cs. The
main characteristics of the sources are resumed in the Table 4-1. The next tables show the dose rate
in each case assuming the source at 10 cm from the gel, and with 5 mm thickness corresponding
to the MRI slice to be used.
Table 4-1.: Characteristics of sources to be used
Source Energy (MeV) Activity (Bq) λcoll(g/cm2)
99Tc 0.140 370 × 106 6.53
137Cs 0.662 37 × 106 11.66
Each gel (in this work ) has a different response and must be calibrated, in order to estimate the
average dose needed to have a appreciable change in T2. Gel composition was based on the Fong’s
formulation [23].
To obtain a ∆T2 between pixels of the order of ca. 0.1 s, the next tables, 4-3 for 137Cs and 4-4
for 99Tc, show the dose expected for a given exposition time. The relations used in these tables
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Table 4-2.: Fong’s [23] dosimetric gel formulation for 1000 g.
Component Amount (g)





Water (HPLC grade) 828
are based on other works [23, 17, 4]. The firsts column in both tables, is the calibration used to
estimate the Dose based on the references [23, 17, 4], the second one show the response in T2 for
different exposition times according the activity of the source, in the case of the 137Cs the source
has an activity ten times less than the source simulated (99Tc). The activity simulated for the 99Tc
source corresponds to the average activity used in nuclear images studies. In order to achieve a
significantly change in T2 in the experiments realised in the laboratory, the exposition times are
increased.
Table 4-3.: Absorbed doses for 137Cs, and corresponding T2 according different gels [23]. The
137Cs has a less activity in comparison with the source used in the in silico experiment,
for this reason the exposition time is higher to achieve a significant change in T2.
Calibration R2(s−1)
T2 (s)
1 h→ 0.016 Gy 5 h→ 0.084 Gy 24 h→ 0.812 Gy
0.30 D +3.82 0.261 0.260 0.253
0.519D+6.40 0.156 0.155 0.151
0.618D+8.85 0.112 0.112 0.109
Table 4-4.: Absorbed doses for 99Tc, and corresponding T2 according different gels [23] . Usually




10 min→ 0.010 Gy 30 min→ 0.03 Gy 40 min→ 0.04 Gy
0.30 D +3.82 0.2615 0.2611 0.2609
0.519D+6.40 0.1561 0.1558 0.1557
0.618D+8.85 0.1129 0.1127 0.1126
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4.2. Calibrations T2-Dose
Preliminary works [38, 10, 21], show that the gel has different sensitivity depending on the method
of irradiation and magnetic field: the range of sensitivity are between 0.22 s−1 Gy−1 and 0.97 s−1
Gy−1. Different irradiation methods were used: linear accelerators, radiopharmaceuticals, 60Co
treatment source and X-rays, being the highest sensitivity to the 60Co. Nevertheless the method of
irradiation for calibrations must be chosen according to the application.
The gel used as a dosimeter, has a similar process no matter the method of reading or application.
The calibration of the gel according to the irradiation source is the next step after the fabrication,
in order to have a quantitative idea about the dose deposited on the the gel. Using the formulation
shown in the Table 4-2, two methods of irradiation were performed, after fabrication. The first
one using a linear accelerator Clinax IX Varian™, used for radiotherapy. The irradiation with the
accelerator permits to have accuracy in the deposited dose, which improves the dose determination
and then the calibration. The second method is using a 137Cs source described in the Table 4-1. The
dose was increased by the exposition time. This calibration is used to quantify the MRI response
for experimental set-up images conditions.
The MRI quantification was performed with a Multiva Phillips ™with a magnetic field of 1.5 T.
Despite of using the same gel formulation, the exposition to oxygen, changes in temperature, light
or other factors beyond of the scope of this work, could modify the response. For this reason,
special care is taken in gel handling and if necessary , re-calibrations were carried out.
45 4.2 Calibrations T2-Dose
4.2.1. Calibration with Clinax IX ™
The dose estimation was made with a Computerised Treatment Planning System (TPS) ECLIPSE
[42], linked to a external beam to generate dose distributions . The gel was confined in 10 tubes,
each one was irradiate with a dose value in a range of 0.2:10 Gy and immersed in a water phantom
with isocenter in the middle of the filled tube, using two lateral fields of irradiation 1. The general
parameter for the irradiation are resumed in the Table 4-5
Table 4-5.: General specifications and parameters of Clinax irradiation.
Device Clinac IX Varian
Number of Samples 10
Accelerating Potential (MV) 6
Dose points (Gy) 0,0.2,0.4,0.6,0.8,2,4,6,8,10
Tube size
5 mm  × 18.5 cm
5 mm  × 21 cm
Volume filled (cm3) 1.6
Phantom dimensions (cm) 39 × 39.8 × 36
After tube irradiation, all tubes were scanned at the same slice with a Train Spin Echo sequence
of 32 echos, adjusting the field of view to the matrix of tubes. Images were acquired in all slices
(axial, sagital and coronal) in order to avoid gel decanting influence. However T2 was calculated













Figure 4-1.: Axial slice of the tubes for TE=50 ms, with different dose and a tube with water for
spatial and T2 reference.
The Table 4-6 shows the general MRI acquisition parameters. After the scan, 32 images of the gel
were obtained with different echo time starting at 25 ms and finishing at 800 ms. In the axial image
1The irradiation process was performed within the framework of the Master Thesis in Medical Physics of Andrea
Espinosa (2017).
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Table 4-6.: General parameters MRI scanner and sequence of lecture.
Device Multiva Phillips™
Magnetic Field (T) 1.5
Frequency (MHz) 63.86
Sequence Turbo Spin Echo
Number of echos 32
Slice thickness (mm) 5 mm
Field of View (mm) 150 × 150
Repetition time (ms) 3000
∆Echo time (ms) 25
there were ten Regions of Interest (ROI) as shown in Figure 4-1 corresponding to each tube. At
each ROI the maximum intensity with its corresponding standard deviation are fitted to Equation
2-25. The exponential function was fitted with different parameters; the maximum, the median,
and the average of the ROI. However T2 values do not show differences, because the irradiation
field is very accurate and the change is homogeneous.
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T2=279.35 ms, 0 Gy
T2=248.64 ms, 0.2 Gy
T2=265.79 ms, 0.4 Gy
T2=248.56 ms, 0.6 Gy
T2=237.57 ms, 0.8 Gy
Figure 4-2.: Linear fit of results for dose














T2=217.14 ms, 2 Gy
T2=192.46 ms, 4 Gy
T2=171.90 ms, 6 Gy
T2=145.86 ms, 8 Gy
T2=151.76 ms, 10 Gy
Figure 4-3.: Linear fit of results for dose
points from 2 to 10 Gy.
T2 values are obtained from the slopes in Figures 4-2 and 4-3. The sensitivity of the gel is measured
in terms of the rate of T2, R2, per unit of dose Gy. The sensitivity is the slope of the calibration in
s−1 Gy−1. Figure 4-4 shows that the sensitivity of the gel is 0.33(0.02)s−1 Gy−1 with a cut of 3.79
(0.07) s −1, errors in parenthesis.

















Figure 4-4.: Calibration dose relation and R2 for the dosimetric gel in a range of dose from 0 Gy
up to 10 Gy.
4.2.2. Calibration with 137Cs
The main idea is to obtain the response of the gel to γ sources at low doses from isotropic point-like
sources. Since the prototype design aims to be used with 99Tc, because the 99mTc is a radiophar-
maceutical, there are some experimental handicaps due to its short half life time. This experiment
was carried out with a 137Cs point-like source. The characteristics of the source are summarised in
Table 4-7. The different doses are obtained by the exposition time to the source.






The gel was confined in six eppendorf tubes of 1.5 mL, which were symmetrically positioned
around the source at 6 cm distance as shown in Figure 4-5. All tubes starts the exposition at the
same time and then each tube is removed from the source field when completes its exposition time.
The procedure to acquire the MRI image is the same explained in Section 4.2.1. The acquisition
was performed with a Turbo Spin Echo sequence with 32 echos of 40 ms, with 5 acquisitions in
order to enhance the sensitivity. The images are acquired with a wrist antenna as shown in Figure
4-6. The analysis was made taking the mean value of T2 in ROI inside the tubes, and related to
nominal dose values according to Table 4-8. The lowest dose in Section 4.2.1 was added to the
calibration to improve the statistics in the region of low doses.










Figure 4-5.: Eppendorf tubes are filled with dosimetric gel and exposed to a 137Cs source, with
different exposition times to have different values of dose on it.
Table 4-8.: Expected values of dose in the dosimetric gel after 137Cs exposition.
Tube 1 2 3 4 5
Exposition
time (h)
1 5 12 24 48
Dose (Gy) 0.002 0.011 0.027 0.054 0.108
Figure 4-6.: Wrist antenna, the samples
inside were placed in a
polystyrene foil.
Figure 4-7.: MRI image for the all tubes at
TE=50 ms.
As observed in Figure 4-2 and 4-3, the lasts echoes do not agree with the linearization of the natural
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logarithm of the signal. This happens due to the low SNR for large TE. In order to improve the
calibration, it is key to avoid these echos whose noise is magnified by the logarithm. Thus, only the
first 10 echoes were considered for R2 fitting (see Figure 4-8). The resolution in T2 at low doses is
very low. Figure 4-9 suggest, that the gel does not follow a linear behaviour under 0.05 Gy.
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T2=268.22 ms, 0.002 Gy
T2=270.63 ms, 0.011 Gy
T2=254.57 ms, 0.027 Gy
T2=264.69 ms, 0.054 Gy
T2=253.82 ms, 0.108 Gy
Figure 4-8.: Linear fit of the T2 in ms at low


















Figure 4-9.: Relation of calibration Dose-
R2 for the dosimetric gel at low
doses.
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4.3. Planar Dose images and R2 maps
Usually objects of interest in a nuclear medicine imaging are located by an enhanced zone which
corresponds to a functional or metabolic process since radionuclide had been attached to a molecule.
The high consumption by the organ or cell of interest helps to identify the functional process in an
anatomical location. The first approximation to an image is the representation of the main char-
acteristics of the object of interest; shapes, sizes, contours and contrast. In this section in silico
experiments are used to quantify and define these qualities of the image. Two different collimators
were considered: one with square cells and another one with hexagonal cells. The background
radiation is assumed as the radiation of the rest of the body, where radiopharmaceuticals can also
be placed. Its effect on the image was analysed considering the characteristics of the phantom and
the image. The experiments of this section are focused to obtain images of phantoms with known
activity and geometric shapes, in a water and tissue media and, with and without background ra-
diation. The images are simulated in order to know the dose deposition per pixel and processed
in a inverse way to obtain the R2 map as a comparable result with the MRI experimental images,
according with the sensibilities achieved experimentally. The in silico experiments are performed
simulating sources with the energy and decay characteristics of 99Tc taking in count only the γ
emission.
Different kind of images will be shown in the following chapters. The colour code of the following
images is defined in Figure 4-10.
Gray scale for MRI
Color box for dose maps
Color box for R2 maps
Figure 4-10.: Images colour code











Figure 4-11.: Geometry simulated in Geant4, the geometry correspond to the hybrid detector
placed in the MRI bore. On the right a view under the device. Two kinds of colli-
mator holes are studied, square and hexagonal.
4.3.1. Shape definition
The experimental setup to simulate, consist on a gel detector supported by a Teflon container, with
a collimator under the gel. The FOV is 200×200 mm2 and the hole collimator dimensions are the
obtained in the mono-dimensional experiments : hole size 4 mm, septa length 55 mm and 1 mm
wall width (see Chapter 3). Figure 4-11 shows the geometry of the experiment on the left side.
On the right side it is shown the view of the collimator with different hole shape; square holes and
hexagonal holes.
The first experiment to define the qualities of the collimator are the detection of a point-like source.
The sources were located at 15.25 cm from the base of the gel detector under the collimator. The
number of events simulated corresponds to the number of photons emitted in period of 20 minutes
from a 99Tc source with an initial activity of 370MBq. These characteristics are the same for the
following experiments. The intensity is detected dividing the gel detector in voxels of 0.5 mm ×
0.5 mm × 5 mm. This resolution is chosen to imitate the common MRI resolution and hence the R2
gel sensitivity. Two kind of collimators were performed by the simulation, a square hole collimator
and a hexagonal/honeycomb hole collimator.
The response detected for a point-like source allows to know the point spread function (PSF) in
silico. The point spread function, is typically a measure of the resolution in planar nuclear image
devices, which describes the way that a point appears in an image device. The PSF depends of
many factors: as the type of source, the distance to the collimator and the geometric characteristics
of the detector as was studied in Chapter 3.
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There are different kinds of analysis for PSF determination. Basically all consist on the projection
distribution fitting, and to relate its characteristics with the image. The most used methods are
[12]:
• The direct calculation: basically to prove by a naive approach that it will lead to an unreliable
FWHM value.
• The Gaussian global interpolation: Data (xi, yi) is modelled as a deterministic function with
a small level of noise.
• The use of splines of degree 1 (linear), 2 (quadratic) or 3 (cubic) calculated on a huge number
of points.
The last method was used to determine the PSF but adapted to a fit of a circular symmetric bi-
exponential function [22]. This fitting can be assumed as Gaussian function 4-3 fitting for the








point-like source and PSF
The reference images are point-like sources acquired in air and water phantoms, with square and
honeycomb collimators. The dose response is shown in Figure 4-12, where 4 images were acquired
independently. The point spread function is defined as the fit of the response in air. The intensity
was normalised for each kind of collimator. The PSF for the square collimator is defined by the
σ=0.49 ±0.02 cm as shown in Figure 4-13 and for the hexagonal collimator by σ=0.15 ±0.01
cm as shown in Figure 4-14. In terms of σ, the PSF for hexagonal hole collimator is the most
sharp; as consequence the point is better defined on it. A similar analysis for the sources in a water
phantom showed the same behaviour. The simulated sources were placed in the centre of the FOV
in a knows position which is related with the µ parameter, the difference into the position and the
central value µ corresponds to the capacity to define the point position by each collimator.
Volume sources and contour
To study the limits to resolve shapes by each kind of collimator, an experiment with volumetric and
different shapes sources was performed. The experiment consisted on the same setup conditions as
the point-like source experiment. Four sources were detected within a cylindrical water phantom
to minimise cross talk photons but keeping a realistic scenario. Two cubic sources placed in the
top part of the field FOV with size side=1 cm and side=2.15 cm and two spherical sources placed
at the bottom part with r= 0.6 cm and 1.34 cm compounded the source array. The sources were































Figure 4-12.: point-like source images. On the left side (top and bottom) the source is in an air
phantom, on the right on a water phantom. The upper images (left and right) were
acquired with the honeycomb collimator, and the lower ones with the square hole
collimator.
placed as shown in Figure 4-15. Each source kept the same relation photon density emitted by the
volume γV .
As discussed in Section 4.2 the image acquired by the device proposed is an R2 map and propor-
tional to the Dose map, whose proportionality constant depends on the gel sensitivity. The images
acquired for this experiment are a R2 map to know the sensitivity experimentally achieved at low
doses.
The images show a difference in the map intensity and the shape definition comparing the hole
shape of the collimator. A quantitative analysis for each image to compare the quality is per-
formed. The image has 2 kind of shapes: cubes and spheres. PSF for each collimator was defined
as a Gaussian function characterised by a σ from Figures 4-13, 4-14. Since images from Figures
4-16, 4-17 were acquired at the same conditions, the intensity of the shapes can be normalised to
the PSF amplitude. The image is divided in two profiles, one for the cubes on the top and another
for the spheres on the bottom. The ideal profile expected for a cube is a rectangular distribution
with a σ/2 at each side of the cube. The cube edges are considered as point-like sources with the
correspondent PSF on the edges. They are σ extended on each edge. The intensity profiles for the
square hole (Figure 4-18) and the hexagonal hole collimator (Figure 4-19), show the projection








−10 −8 −6 −4 −2 0 2 4 6 8 10
x(cm)
µ=0.273 ± 0.024 ,σ=0.492 ± 0.020
Data points square colimator
Figure 4-13.: Point spread function square
collimator of a point-like
source in air. Intensity nor-









−10 −8 −6 −4 −2 0 2 4 6 8 10
x(cm)
µ = 0.045 ± = 0.017 , σ = 0.15 ± = 0.014
Data points hexagonal colimator
Figure 4-14.: Point spread function hexag-
onal collimator of a point-like
source in air. Intensity nor-
malised to the maximum in
arbitrary units.
description related with the PSF defined for each collimator. The blue shade shows the ideal cube
profile, the dark blue is the extended σ PSF in each cube side. The combination of both ideal plus
σ in each side; is defined as the projection detected. Profile is defined by the intensity detected
(dose accumulation) in the gel in each pixel for a specific line of the image. In this case, in geo-
metric centre of the shapes.
The profile analysis at the edges indicates the shape definition. The contour definition was defined
as the ratio between the area under the curves of both shapes: for the ideal projection and the de-
tected one. If the ratio ideal projection/detected is 1 means that the ideal and the projected shape
are the same as the detected, while in other case the ratio shows how far it is from the ideal case.
The results for the cube sources are shown in the Table 4-9 for the square hole collimator and Table
4-10 for the hexagonal hole collimator.




Figure 4-15.: Schematic position and shapes of the sources, in reference to the FOV plane.
































Figure 4-16.: R2 map for a 140 keV volu-
metric sources with a square
hole collimator, initial activ-
ity of 370MBq and 20 min-
utes of exposition. Different
shapes and size are simulated
with the same photon density.






























Figure 4-17.: R2 map for a 140 keV volu-
metric sources with a honey-
comb collimator, initial activ-
ity of 370MBq and 20 min-
utes of exposition. Different
shapes and size are simulated
with the same photon density.
In the sphere case it is performed an approximation to a circular symmetric bi-exponential function,
i.e. a Gaussian curve, with a σ correspondent to the sphere radius. This distribution is assumed
as the ideal projection of the sphere. The ideal projection is an estimation taking into account that
the projection is 1:1 and the PSF should be extended for the edges of the sphere. σ was defined as
large as the source radius.



















Figure 4-18.: Relation between the point
spread function on the edge of






















σ = 0.15 ± = 0.020
Figure 4-19.: Relation between the point
spread function on the edge of
the cubes, hexagonal hole col-
limator.
Table 4-9.: Values obtained in the contour analysis. The areas shown are the ones under the curve
of the expected projection in comparison with the area plus the PSF in the cubes (Figure
4-18) and the points fit to a Gaussian in the case of the spheres (Figure 4-20) for square











Ideal Projection area=4.43 area=78.27
A=0.69
µ = −5 cm
σ = 0.6 cm
area=5.14
A=3.15
µ = 5 cm
σ = 1.34 cm
area=77.46
Detected projection area=5.01 area=85.94
A=0.69
µ = −5.08 (0.03) cm
σ = 0.306(0.028) cm
area= 3.46
A=3.15
µ = 5.09(0.04) cm
σ = 0.57(0.030) cm
area=44.81
Figure 4-20 show the spheres profile using the square hole collimator and Figure 4-21 the profile
for the hexagonal one.
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Table 4-10.: Values obtained in the shapes analysis. The areas shown are the ones under the curve
of the expected projection in comparison with the area plus the PSF in the cubes
(Figure 4-19) and the points fit to a Gaussian in the case of the spheres (Figure 4-21)












Ideal Projection area=4.84 area=36.96
A=0.69
µ = −5 cm
σ = 0.6 cm
area=5.14
A=3.15
µ = 5 cm
σ = 1.34 cm
area=77.46
Detected projection area=6.90 area=38.47
A=1.4
µ = −4.93(0.07) cm
σ = 0.32(0.04) cm
area=4.96
A=2.99
µ = −5.0097(0.047) cm



















Profile lower spheres data
Sphere proyection fit
Real source profile
Figure 4-20.: Ideal and detected profile for
spherical sources, acquired

















Profile lower spheres data
Sphere proyection fit
Real source profile
Figure 4-21.: Ideal and detected profile for
spherical sources, acquired
with a hexagonal hole colli-
mator.
The ideal profile defined by the red line and the blue shade corresponds to the fit function area
for the data detected. As seen, the ideal profile, unlike to the cubes projection, is larger than the
detected by the PSF σ in the sphere contours. The results are summarised with the correspondent
fit parameters in Table 4-9 for square hole collimator and in Table 4-10 for the hexagonal hole one.
The areas were taken as the sum of the detected points inside the function/contours defined. The
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ratio between the ideal and the detected are summarised in the Table 4-11.The points out of the
regions delimited are defined as scatter contributions.






















0.70 0.96 1.03 1.73
For large spheres and cubes, both collimator configurations seem to have the same area ratio.
However in the case of small volumes, the hexagonal collimator works better for spheres and the
square better for cubes. However, the gain in the case of cubes is not comparable as the gain in the
small spheres case. Note that the better ratio in the case of small spheres is much better (ca. 50%)
than in the small cube case (ca. 25%). Since it is most probable to find sphere shaped structures
inside the body, it is more recommendable the use of hexagonal collimators.
4.3.2. Contrast due to radiopharmaceutical concentration
The experiment performed to evaluate the contrast capacities, consist in three spherical sources
with different concentration within a cylindrical water phantom with radius 5 cm and 20 cm long.
The source distribution is shown in Figure 4-22. The phantom centre is at 15.25 cm under the gel
detector. The experiment is a homologous to nuclear medicine case where the radiopharmaceutical
injected is accumulate in the metabolic area, however a small quantity is flowing in the body.
The cylindrical phantom represents the body and the spherical sources represent the metabolic
process areas with high consumption of radiopharmaceutical. The sources simulated had the 99Tc
characteristics considering only the γ emission. The initial activity is 370 MBq. The number of
photon simulated correspond to a 20 minutes exposition. In Figure 4-23 it is shown the sources
spatial distribution with a honeycomb collimator. The reference source is at the centre of the
FOV with concentration 1 (S 1), the bottom sphere (S 2) with a twice the concentration of S 1, and
the top one (S 3) with three times the concentration compared to the reference source S 1. The
background radiation is equally distributed within the cylinder with a concentration of 0.1% of the
reference source. The concentration is defined by the photon density. The image was acquired
using a hexagonal hole collimator. The acquisition considered an slice of 1.5 cm and a pixel side
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of 0.5 mm. The intensity results are obtained applying the gel sensitivity calibration for low doses
estimated experimentally, resulting in R2 map of Figure 4-23.
The contrast as defined in Section 2.2.3, can be measured as the relation between the intensities
of the object area and the surrounding background. In this case the three source will be analysed
respect to the phantom background and the background with the surrounding areas out of the
phantom position. Usually the contrast measurement in nuclear medicine devices is performed
with the counts detected. In this case, R2 values are considered because: i) this is the information
that can be quantified with an MRI dose map, and ii) it is linearly proportional to the dose, which
is the closest parameter to counts in this kind of experiments. Colour intensity average in an ROI
with the size of each source is compared with the intensity background inside the phantom Bph and
the background out of the phantom Bout.
The CNR results are shown in the Table 4-12. The larger the CNR, the better is the contrast




S 1 − Bph S 2 − Bph S 3 − Bph Bph − Bout
4.24 7.60 12.07 5.71
[37]. According to [13], a lesion should have a CNR > 3-5 to be detected. The CNR between
the background inside the phantom Bph due to the scattering of the spherical sources plus the
background source, and the background out the phantom Bout due to the scattering of the whole
system, is enough to be detected. This means that, despite intensities as small as the background
Figure 4-22.: Geometry contrast experiment. Three spherical sources with radius=1 cm with dif-
ferent γ concentration are placed within the cylindrical phantom at the axial centre.
The phantom has a background source with low concentration respect to the spheri-
cal sources.
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Figure 4-23.: R2 map image for a cylindrical phantom, with three spherical sources with different
concentration. The reference source at the centre. In terms of the reference, the
bottom source with concentration twice the center one. The top source concentration
is three times the center one. Background concentration is the 0.1% the reference
and equally distributed inside the cylinder.
emissions can be detected, compared with the scattered photons out the phantom. The results
shown are a simulation of the intensity in a R2 map and do not include any MRI filtering. A real




As far as we know there is not literature regarding gel calibration for point-like sources below
cGy, which is the dose range where the proposed device is intended for. Moreover, the exact dose
estimation in Nuclear Medicine is still an open field [20, 14], which is key for dose/R2 calibration
in this work, but beyond the scope of this work. However, the calibrations for two different dose
range show consistency with the literature. The high dose range show a clear linear response (see
Figure 4-4), while the low dose range liner response is less accurate (see Figure 4-9). The last,
however, is accurate enough to observe a clear dose deposition in an image, as shown in the next
chapter.
Once the radiation response is defined. It is important to analyse the image considering common
Nuclear Medicine image characteristics. The first step is the determination of the PSF. For that
reason point-like sources are imaged with Geant4. Figures 4-14 and 4-13 compared two collima-
tor designs differentiated by its two-dimensional configuration: square and hexagonal cells. The
hexagonal one show a narrower PSF, which leads to a better spatial definition. If the final shape is
considered, Figure 4-12 clearly show the influence of the collimator in the dose spatial distribution.
Note that the spread distance of the point (2 cm) in Figure 4-12 is consistent with the results from
Figures 3-10 and 3-11.
The PSF can be used to study the shape definition. Two kind of shapes were analysed in the case
of both collimators. Based on the R2 maps of Figures 4-16 and 4-17 a qualitatively view, lead to
the conclusion that all shapes from a square cell collimator look square, while in the hexagonal
one the large shapes are distinguishable. A quantitative estimation such as the one shown in Table
4-11 suggest the use of hexagonal cell collimators rather than the square cell ones. Large volumes
contour definition seem to have the same area ratio for both collimator configurations. However,
for small volumes, although there is a better ratio for a cubic volume in the case of square colli-
mator (ca. 25%), the gain is not better than the gain of the sphere volume in the case of hexagonal
collimator (ca. 50%). Since it is most probable to find sphere shaped structures inside the body, it
is more recommendable the use of hexagonal collimators.
The contrast experiment was performed with the hexagonal cell configuration. The CNR results
shown in the Table 4-12 demonstrates that CNR full-fills the requirements according to [13]: CNR
> 3-5. The results in Figure 4-23 do not underwent any MRI filtering. Although a real experiment
could show a smaller CNR other techniques to improve the image are still open to be applied.
In the next chapter some of these improvements are presented as well as the first dose image.
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5. Image capabilities MRI encode
Two separate beings, in different
circumstances, face to face in freedom
and seeking justification of their existence
through one another, will always live an
adventure full of risk and promise.
Simone de Beauvoir. The second sex
The device and imaging method presented is a preliminary design. The improvement possibilities
were explored in parallel to the studies. The experiments (in silico and in laboratory) shown in this
Chapter resumes the methods and experiments presented, by the image capabilities and limitations.
Some practical, applications and enhancements are presented in order to expose the versatility of
the device, expanding the device use at low fields as diagnostic tool or dose image lecture.
5.1. MRI sensibility limits
In the clinical context the majority of MRI systems operate at 1.5 T and 3 T. The stability of the
device is reliable and the SNR usually is high: between 0.5 to 400 [46]. In low magnetic field the
SNR can be very low: and so the signals from different tissues as well as, in this case, the signal
from two different points of dose. Furthermore, low SNR can be found in high field MRI due
to tissue magnetic susceptibilities. Noisy images do not perform good R2 maps. Then the image
could not show properly the polymerisation process signal. The determination of the suitable TE
can be a handicap depending on the SNR. Equations 5-1 show how to determine the appropriate
TE according to the gel sensibility, where the signal difference is maximum as seen in Figure 5-1.
In order to obtain a large signal difference δ(T2) from two pixels with different T2 the appropriate
TE can be determined as follows:
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Figure 5-1.: The maximum T2 in a gel image is due to the regions where the gel is not irradiated,
and the minimum where the dose deposition is maximum. The signal in terms of the
difference between them shows if the dose deposition are locally distinguishable.
δ(T2) = e












= 0⇒ t = TEOpt,
TEOpt =
T20 GyT21 Gy ln
T21 Gy
T20 Gy
T20 Gy − T21 Gy
,
where T20 Gy is the maximum T2 and is associate when the gel dose is 0 Gy, a T21 Gyis defined as the
point where the maximum value of dose is expected in a pixel. In this case as a reference 1 Gy
is taken. When the difference between the signal decays is maximum, it is defined as the optimal
TEOpt to distinguish both signals.
MRI signal is acquired in two channels; the real and the imaginary. A Gaussian noise distribution
(σ · random) is associate to each channel, however the total noise is Rician. Then the signal is




(S + σ · random)2︸                ︷︷                ︸
Real
+ (σ · random)2︸           ︷︷           ︸
Imaginary
(5-2)
The signal to noise can be assumed as a Rician distribution with a standard deviation. The σ factor
in low SNR determines the noise contribution in terms of an aleatory noise distribution factor in
each channel. The noise influences many factors, the most important (unavoidable in low magnetic
field) is the poor SNR, as well as the receiving coil resistance, the inductive losses in the sample,
the static magnetic field (B0) and the volume size [25].
These factors combination determine if the signal due to the radiation is visually perceptible. In
this case the better factor to control is the acquisition TE and the SNR. As a demonstrative case a
set of T2 maps are simulated varying the SNR via σ. The values of T2 in each pixel are obtained
by simulating the dose response from a 99Tc point-like source. Then Rician noise contribution for
σ=0.01,σ= 0.2,σ= 0.5, σ=1 were added to each pixel. The calibration R2 = 0.31D + 2.02 by
Bourbia in [9], is a good approximation in observed dose ranges.
An image with the optimum TE is simulated based on the T2 maps, as seen from Figure 5-2 to 5-7.
The image shows a decreasing of the spin-spin relaxation time at the centre of the image, where
the source was placed. There is a a clear difference between the signal and background for the
noise =0 scenario (see Figure 5-2).
The same image with the Rician noise contribution is presented at the optimum TE, when dδdt = 0,
with different standard deviation factor for Figure 5-3 σ=0.01 , Figure 5-4 σ=0.05, Figure 5-5
σ=0.2, Figure 5-6 σ=0.5 and Figure 5-7 σ=1.

























Figure 5-2.: Simulated image based on the
T2 maps with σ = 0: no noise.

























Figure 5-3.: Simulated image based on the
T2 maps with σ = 0.01, SNR
=386
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Figure 5-4.: Simulated image based on
the T2 maps with σ = 0.05,
SNR=80





















Figure 5-5.: Simulated image based on
the T2 maps with σ = 0.2,
SNR=23






















Figure 5-6.: Simulated image based on
the T2 maps with σ = 0.5,
SNR=12























Figure 5-7.: Simulated image based on the
T2 maps with σ = 1, SNR=8
A noise analysis can be performed to estimate the image conditions. In this example, for 1 Gy
dose, the T2 is distinguishable up to SNR=80. However an inverse treatment can be performed
reducing the component of noise in the image acquired, for example at low SNR conditions or
where the polymerisation signal changes are very low.
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5.2. γ Energies discrimination by MRI
Common Nuclear Medicine detectors, can discriminate energies, which is a big advantage to im-
prove the image. At the first glance, this is not the case of the gel. However, there is simple tech-
nique which can help to discriminate energies: the possibility of using the multi slice acquisition
scanning. The gel detector after irradiation can be enhanced by the linear attenuation coefficients
analysis. Typically, nuclear medicine images use just one radiopharmaceutical, so the energy is
well know. However, in the case of simultaneous radiopharmaceuticals with different organ target
or energy ranges selection (to avoid Comptom scattered photons), this capability can be of high
interest.
Using the same system gel detector-collimator-MRI with a gel detector thicker (5.5 cm, instead
of 1.5 cm) and acquiring multiple subsequent image slices of 5.5 mm as seen in Figure 5-8, the
analysis of the decay of the signal in function of the layers in each pixel gives the linear attenuation
coefficients per pixel.
The in silico experiment consists on the acquisition of the dose deposition2 due to two point-like
sources of 511 keV and 140 keV, dividing the detector volume in 10 layers of 5.5 mm to determine
the intensity decay as a function of mass attenuation coefficient in the gel, in order to distinguish
the source energy detected in each pixel.
−15
−10















Figure 5-8.: R2 normalised intensity maps image. 10 slices were acquired. The first, second, third,
sixth and last slice are shown.
2As shown in section 4.2, the dose map is obtained after processing the spin echo sequence results to obtain a T2
map, then applying the characteristic calibration curve to correlated Dose-R2.
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Ten R2 maps were acquired. Figures 5-9 and 5-10 show the slice correspondent to the bottom and
top surfaces of the gel detector. An intensity difference is evident between the slices. This effect is
also observable with weighted T2 images. An image weighted by T2 is a method of contrast, where
large TE is applied. Then, only the areas with a very long T2 relaxation time will retain signal. In
this case, since the T2 is inversely proportional to the dose, the first slice will show the minimum
intensity and the last the maximum intensity.




























Figure 5-9.: Bottom gel detector surface
R2 image slice (slice 0). The
intensity has the maximum in
this slice.




























Figure 5-10.: Top gel detector surface R2
image slice (slice 9).The in-
tensity has the minimum in
this slice.
Taking pixel by pixel of each slide, the R2 values are fitted to exponential attenuation relation
I = I0e−µx identifying the parameters µ and I0 in each pixel. The maximum value represents the
points where the source is located. The fit exponential parameter µ in Figure 5-11 for these points
is the coefficient obtained. Comparing the NIST [1] values reported with the fitted ones, the 140
keV is closer to the value reported, than the 511 keV one, see Table 5-1.
Table 5-1.: Linear attenuation coefficients µ measured and reported for 140 keV and 511 keV in
water.
NIST Measured
µ 511 keV (cm−1) 0.09 0.12(0.01)
µ 140 keV (cm−1) 0.15 0.16(0.01)


















511 keV data and fit
140 keV data and fit
µ 511 keV NIST
µ 140 keV NIST
Figure 5-11.: Intensity curve fitted by local maximum values, compared with the µ NIST reported
for 140 keV and 511 keV in water.
Identifying the µ coefficient per pixel, the map of R2 can be converted into a µ map as seen Figure
5-12 in order to identify the regions of influence of each energy or radiopharmaceutical. The
energy deposition on the gel detector is not only given by the primary photons, all the interaction
processes are possible and shown in the µ map. For this reason the maps are not easy to interpret.
A conditional filter is used to reduce these problems as follows: if the fitting parameter r2 > 0.7 and
the relation between the R2 or intensity detected in the surfaces Islice nth/Islice1 < 0.7, thus the pixel
is accepted, otherwise rejected. The filter avoids values 80% lower than the 511 keV coefficient
reported by the NIST. The small values of µ corresponds to indirect photons which reached the
source influence regions. The sources can be clearly identified as shown in Figure 5-13. The most
intense correspond to the higher µ140keV and the less intense to the µ511keV . The analysis can be
extended to each process photon-matter contribution, however it depends on the energies and the
coefficient because can be very similar and impossible to identify.
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Figure 5-12.: µ map obtained fitting pixel by pixel and plotting the slope in each pixel




























Figure 5-13.: Result conditional filtering, energy discrimination using linear µ criteria
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5.3. Low field detection perspectives
The versatility of the device and technique proposed is based on the possibility to perform a hybrid
image nuclear medicine-MRI for any MRI device. The only condition is to have an stable and
reliable proton signal. Clinical MRI offer stability and optimised hardware and software to have a
good image with high levels of SNR, but using low magnetic field MRI (lfMRI) new challenges
arises. The lfMRI is a wide field of study because represents advantages in versatility, and is an
alternative to applications where the high magnetic field could interfere the process of interest.
In medical images daily routine, time is an important variable to take into account. The images
acquired in lfMRI need more acquisition time in order to have a good SNR. However the possi-
bilities of the γ-MRI hybrid are not restricted to the medical in situ images. The image method
expectation is taking the anatomic image (patient) and the metabolic image (gel) at the same time
and correlate the spatial information. However, for example applying different methods of spatial
correlation, the R2 map can be obtained after irradiation without time restriction in the lecture of
the next patient and be acquired in an external lfMRI. Moreover, using a matrix of mini or micro
coils in the gel surface in presence of a permanent low magnetic field array could reduce acqui-
sition times and increase sensibility even in lfMRI. This means an electronic challenge in order
to correlate the signal received by each coil and reconstruct a map. Aswell, the system could
be used as a semi-direct lecture dosimeter using the NMR spectra in a small sample of gel. All
these applications are possible to perform with a low field probe-permanent magnets array. The
improvements and challenges at low magnetic field are as broad as complex and depend on the
potential application.
A micro-coil proton signal stability was explored at magnetic fields c.a 0.052 T to 0.1 T, varying
the magnetic field in function of the distance between the magnets and analysing the signal prop-
erties 4. The NMR probe was build to sense magnetic field in the near-field limit, with a single
resonant circuit using a pair of tuning/matching variable capacitors, an inductance coil and an ex-
citation/pickup coil as seen in Figure 5-14. The signals were processed by a KEA TM-Magritek
low field spectrometer. The protons quality signal was analysed as a function of the frequency.
The B0 was controlled increasing or decreasing the distance of two 0.1 T permanent magnets. It
was in a three axis stage with a suitable vernier screw as seen in Figure 5-15. A water sample was
placed in the coil centre, however the coil can detect at the sample surface. When the magnetic
field is not homogeneous the FWHM signal peak tends to be broad, is bad defined and the magni-
tude decrease as seen in the example Figure 5-16. The magnetisation signal is proportional to the
magnetic field. A decreasing in the signal is expected, however low quality is observed because the
distance between the magnets increases and the homogeneity in the sample changes. The system in
low field is very sensible, 1 µm means a 200 µT magnetic field change. Under the same conditions
of acquisition, except the resonance frequency, the magnetic field can be measured according the
4This work was performed at The City University of New York, in the Pr. Carlos Meriles group, as part of the 13C
hyperpolarization project.
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Figure 5-15.: Upper gel detector surface
image slice (slice 9).The in-
tensity has the minimum in
this slice.
position in frequency of the peak. This measure indicates the viability to measure proton signal in
the magnetic field expected range. As seen in Figure 5-17 it is shown the lowest limit to measure
water proton signal. In the same way, varying the magnetic field, thus the resonance frequency,
the signal magnitude is measured (see Figure 5-18). As expected, the signal in high field region
is larger. However an acceptable signal magnitude can be measured from 3 MHz (0.07 T). The
measurements present the conditions for a reliable proton signal measurement in small volumes at
low magnetic field, as a alternative to the high magnetic field MRI. The viability to use the sys-
tem γ-MRI basically depends on the possibility to measure with an acceptable and reliable quality
NMR signal.




















Magnitude signal 3200 kHz
Magnitude signal 2500 kHz
Figure 5-16.: Magnitud peak for two different frequencies, the width of the peak increases when























Magnetic Field measured with NMR signal
Figure 5-17.: Magnetic field of permanent
magnets array, measured with



















Figure 5-18.: Signal magnitude as a func-
tion of frequency. A good
quality NMR signal can be
appreciable from 3 MHz.
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5.4. Hybrid image without time correlation
A hybrid image was obtained performing an experiment with a simple element. The gel response
in the experimental set-up and method proposed is analysed to see the lead collimator effects on
the MRI image, so that image artefacts could be discarded. The object to scan is a 10 mL syringe
filled with dosimetric gel positioned behind a 1D collimator. The collimator was made of lead
sheets of 1 mm width, 6 × 6 cm2 spaced 5 mm. The system was irradiated with a 137Cs (35 MBq)
source during 24 hours. The distance between the syringe and the source was 15 cm. The syringe
position was chosen in order to avoid the indirect photons in a big volume and to see the effect of









Figure 5-19.: A syringe with dosimetric gel was irradiated with 137Cs. The indirect photons were
collimated. In this case the detector and the object to scan and the detector are the
same.
was acquired with a Turbo Spin Echo sequence: TE increment 25 ms and 16 echoes. It was used a
wrist antenna. In the FOV, the lead collimator was included but not shown in Figures since it has
no proton signal. Echo images were post-processed to obtain an R2 map (Figure 5-20). Using the
low dose calibration presented in the Section 4.2 R2 map is converted into a dose map. Then, the
dose map was spatially correlated with the anatomical proton density image (Figure 5-21).
The R2 map of Figure 5-20 shows the dose effect of the radiation on the gel mobility . After dose
calculation per pixel, Figure 5-21 clearly shows the dose deposition. The low dose blue line at the
bottom of the image is given by a not perfect attenuation of the collimator (as well as the red line
of Figure 5-20). However, the dose is clearly focused in the collimator direction. The effect of the
collimator is not appreciable in the R2 maps neither in the dose maps. The error of R2 fitting (see
Figure 5-22) showed a small influence in the middle of the syringe but in the range of the errors.
Some proton density images had suffer movements artefacts. This images were removed for R2
fitting. This artefact may be given by the lead sheets lack of grip.
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R2(s−1)
4 3.9 3.8 3.7 3.6 3.5

































Figure 5-22.: Errors are slightly correlated with the lead sheets of the collimator.
75 5.5 Discussion
5.5. Discussion
In this Chapter, it is shown different analysis methods to improve the dose image. The analytical
description of Equation 5-1 selects the propper TE. The improvement achieved is hardly dependent
on the SNR.
A drawback of the gel at the first glance, is that it detects the radiation as a bulk, then no energy
discrimination can be performed. However, the use of MRI multi slice imaging can provide at-
tenuation maps, which are energy dependent. As shown in Figure 5-12 and 5-13, it is not a trivial
procedure. However, the possibility to explore techniques that involve the use of more than one
radiopharmaceuticals to achieve different metabolic processes in the same image, is worth to ap-
ply. Even more it can serve as energy filter to avoid the scattered radiation, thus improving image
quality. A similar result can be obtained by direct R2 analysis. Acquisition of T2 weighted images,
applying the criteria of Equation 5-1, can speed up the image acquisition.
The versatility of the device allows to be used not only on different MRI equipments, but also at
different magnetic fields. This allows to measure the radiation dose map outside the clinical MRI,
in an ad hoc low field MRI. In order to do so specific antenna have to be designed to overcome
the low SNR in low field MRI. The attempt of coil implementation shows that the stability of the
signal is important in achieving this goal.
The first hybrid MRI-dose images are presented in Figure 5-21. The influence of the collimator is
aprecciable in some proton density images which were removed for R2 calculation. The error map
(Figure 5-22) also shows slightly correlation with the collimator sheets. However, the influence of




Information is light. Information, in
itself, about anything, is light .
Tom Stoppard. Night and Day
This work starts presenting a prototype to develop a hybrid medicine image technique: simple
to apply, versatile and accessible to obtain hybrid functional-anatomical images by MRI. The ex-
ploration of MRI hybrids conducts to the use of the dosimetric gel as planar detector. The com-
ponents of a preliminary prototype design were studied. The use of Monte Carlo simulations in
one-dimension, showed the behaviour of the radiation in the gel detector in nuclear medicine stan-
dard conditions. This allows to define the basic characteristics as dimensions, material and quality
limits. A clear landscape about the method and expected results in images are shown.
The optimal conditions of the collimator for radiopharmaceutical detection leads to a 6 cm height,
1 mm thick walls and spaced cell of 4 mm. Although due to experimental construction limitations
this dimensions may vary. Hexagonal collimator grids showed a better image performance than
the square ones. The base of the device proposed is a gel whose response to the radiation depends
on the composition according to the radiation sources.
Once the collimator dimensions and shape is optimised, the gel is calibrated for two dose ranges
showing different sensibilities. In silico images were performed under different source conditions.
Spatial resolution, PSF and CNR were analysed following common nuclear medicine criteria. It
was shown that the γ-MRI prototype offers similar image quality based on these criteria.
Since this is a new proposed device, new analysis techniques have to be explored to understand the
possible applications and enhancements of the image: by applying post-processing tools based on
the physics properties of the gel, his behaviour, and MRI detection analyses. The MRI techniques
combination and the knowledge of the physical and chemical process, help to discriminate ener-
gies in the image, avoiding any electronic device for radiation detection. Filtering MRI techniques
improves the sensibility of the gel, thus the image quality. A low field device full integrated γ-MRI
or γ-NMR, was introduced by testing experimentally the possibilities to have a water proton signal
in magnetic fields 10 times lower than clinical MRI. The results show the viability to measure in
small volumes and in the surface of the gel.
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Finally, a hybrid image γ-MRI was presented resuming the design conclusions in order to use a
collimator as dose space resolution definer. The collimator influence in the MRI image was tested
showing not appreciable artefacts when the image is processed. As a result a useful functional-
anatomical image can be obtained. The functional image is given by radiation effects on the gel
detector, and image as a dose map, then fused with the anatomical MRI of the object. This exper-
iment ensures the viability of the prototype. The perspectives of the work will lead to the clinical
testing and correlation in time of functional processes using radiopharmaceuticals, and to explore
the acquisition times and sensibility in the clinical practice.
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One Dimensional Spatial Resolution Optimization on a
Hybrid Low Field MRI-gamma Detector
L. Agulles-Pedrós1,a) and A. Abril1,b)
1Medical Physics Group, Physics Department, Universidad Nacional de Colombia, Bogotá (Colombia).
a)Corresponding author: lagullesp@unal.edu.co
b)ajabrilf@unal.edu.co
Abstract. Hybrid systems like Positron Emission Tomography/Magnetic Resonance Imaging (PET/MRI) and MRI/gamma camera,
offer advantages combining the resolution and contrast capability of MRI with the better contrast and functional information of
nuclear medicine techniques. However, the radiation detectors are expensive and need an electronic set-up, which can interfere
with the MRI acquisition process or viceversa. In order to improve these drawbacks, in this work it is presented the design of a low
field NMR system made up of permanent magnets compatible with a gamma radiation detector based on gel dosimetry. The design
is performed using the software FEMM for estimation of the magnetic field, and GEANT4 for the physical process involved in
radiation detection and effect of magnetic field. The homogeneity in magnetic field is achieved with an array of NbFeB magnets in
a linear configuration with a separation between the magnets, minimizing the effect of Compton back scattering compared with a
no-spacing linear configuration. The final magnetic field in the homogeneous zone is ca. 100 mT. In this hybrid proposal, although
the gel detector do not have spatial resolution per se, it is possible to obtain a dose profile (1D image) as a function of the position
by using a collimator array. As a result, the gamma detector system described allows a complete integrated radiation detector within
the low field NMR (lfNMR) system. Finally we present the better configuration for the hybrid system considering the collimator
parameters such as height, thickness and distance.
INTRODUCTION
The great achievement in medical imaging hybrid systems is to integrate the functional and anatomical information
on the same device by taking these information simultaneously. The firsts attempts to obtain it in the same image,
were carried out by the computer tomography (CT) and PET integration in the early 1990s [1]. Soon thereafter, the
first attempts of hybrid PET/MRI were developed [2]. Nowadays, it is commercially available and well accepted in
different medical centers around the world. These hybrids take advantage of the better soft tissue sensitivity of the
MRI systems –although do not offer the good spatial resolution of CT scanners.
At the present time, the advance in the MRI spatial resolution, shows MRI as the perfect complement for PET. In
addition, MRI can image functional and physiologic processes, and through spectroscopy can also image metabolic
pathways [3]. Since PET and MRI give different information, neither PET nor MRI alone is sufficient for specialized
clinical research, and diagnostic. There are different forms to obtain hybrid images. On one hand, each technique,
separately, can produce an image. However this technique is not really a hybrid system and it provides too much
uncertainty between the two images, besides having long acquisition time. On the other hand, the PET scan can be
combined with a co-planar MRI device, in which case, although the images are not taken simultaneously, this method
offers lower acquisition times plus a better alignment. Following this configuration, it is built one of the PET/MRI
equipment available commercially.
The real challenge is to integrate the PET ring into the MRI device. MRI requires high and homogeneous mag-
netic fields (1 to 11 T) and relative high power radio frequency pulses [4]. On the other hand, PET detects the products
of a positron annihilation by means of scintillation detectors. The problem arises because of the interference of both
systems one to each other; MR signal can be affected by the magnetic field inhomogeneities caused by the detector
instrumentation, and the PET scanner signal by the effect of the magnetic field changes on the photo-detector sys-
tem. All these problems have been partially solved, and nowadays this kind of hybrid systems is also commercially
available [5].
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2D dose distribution images of a hybrid low field MRI-γ
detector
A. Abril 1,a) and L. Agulles-Pedrós1,b)
1Medical Physics Group, Physics department, Universidad Nacional de Colombia, Bogotá (Colombia).
a)Corresponding author: ajabrilf@unal.edu.co
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Abstract. The proposed hybrid system is a combination of a low field MRI and dosimetric gel as a γ detector. The readout system is
based on the polymerization process induced by the gel radiation. A gel dose map is obtained which represents the functional part of
hybrid image alongside with the anatomical MRI one. Both images should be taken while the patient with a radiopharmaceutical is
located inside the MRI system with a gel detector matrix. A relevant aspect of this proposal is that the dosimetric gel has never been
used to acquire medical images. The results presented show the interaction of the 99mTc source with the dosimetric gel simulated in
Geant4. The purpose was to obtain the planar γ 2D-image. The different source configurations are studied to explore the ability of
the gel as radiation detector through the following parameters; resolution, shape definition and radio-pharmaceutical concentration.
INTRODUCTION
Hybrid PET/MRI is an equipment which offers anatomical and functional information. It is actually available com-
mercially, however its implementation is not massive. The main reason is due to its high cost and complexity. The
principal component that makes expensive this kind of image devices, is the photomultiplier based detectors, which do
not work appropriately in the same environment of high magnetic fields, basic element of MR scanners. In addition,
the coils interferes attenuating the intensity of γ rays [1].
The MRI-γ proposed has as a principle of operation the polymerization process given by γ radiation. The process
starts with the creation of free radicals induced by the γ rays. The free radicals are propagated down the polymer
chain. Finally, two molecules containing free radicals react and form the final product [2]. This process results in
an increase of mobility of the gel molecules. A measure of the polymerization process could be evidenced in a T2
weighted MR image, through the linear relation between the T2 relaxation time and the dose absorbed by the polymer.
The construction of a low cost and versatile prototype is studied by simulations. This prototype will be developed in a
second stage under own controlled conditions. In a third stage, it should also be easy to integrate in a common clinical
MRI system.
The first attempt to show the response of the gel is to design a planar distribution of the dosimetric gel, and filter the
indirect radiation using a Pb collimator grid. On the basis of the dose map acquired by the Geant4 simulation [3], it
is analogous to the MR image of the planar gel distribution which represents the functional part of hybrid image. For
the purpose of image quality measurement, it will be discussed in the following sections the whole system design and
the images obtained, analyzing the main quality characteristics. Finally the possibility to distinguish concentration of
radiopharmaceutical will be evaluated. The aim of this paper is to present an alternative hybrid image system –more
versatile and cheap equipment– which could provide the same information as common human clinical equipment.
SIMULATION PARAMETERS
Firstly, it was simulated the magnetic field component of the system to obtain a numerical estimation of the MRI
homogeneous region and therefore the size of the field of view [4]; analyzing the effects over the design, emission
and detection process. The results were used to establish the final dimensions of the prototype design. The γ-matter
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ACONDICIONAMIENTO DEL CAMPO MAGNÉTICO
ULTRA BAJO EN UN EQUIPO DE IRM PARA USO
HÍBRIDO EN MEDICINA NUCLEAR
LOW FIELD MRI SET UP AND DESIGN FOR
NUCLEAR MEDICINE HYBRIDS PURPOSES
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2 Universidad Nacional de Colombia, Facultad de Ciencias Bogotá, Departamento de
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Resumen
Los equipos de IRM a campo ultra bajo, pueden ser
un complemento para formar equipos h́ıbridos con los
de Medicina Nuclear. Este trabajo presenta el diseño y
la construcción de un campo magnético homogéneo, con
el fin de mantener las condiciones requeridas para el
funcionamientode un equipo de IRM de campo ultra bajo
en cualquier ambiente. Esto facilita su implementación como
complemento a un equipo de Medicina Nuclear y tener aśı
un equipo h́ıbrido. La homogenización del campo se logra
con un arreglo de 3 bobinas de Maxwell, minimizando el
ruido externo en el equipo de resonancia. Por medio de
simulaciones en GEANT4 se analiza el efecto del arreglo
de bobinas sobre la detección del material radiactivo. Se
muestra que la atenuación del sistema homogeneizador de
campo magnético tiene una atenuación del orden del 0.5 %,
lo que apenas afecta la calidad de la imagen de la PET.
Palabras clave: Bobinas de Maxwell, IRM, GENAT4
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The practice of nuclear magnetic resonance (NMR) 
presently encompasses multiple disciplines spanning 
analytical and medical sciences, biochemistry, 
environmental monitoring, and well logging, to mention 
just a few. A limitation common to all these applications, 
however, is the sample spin polarization, typically a 
minute fraction of the possible maximum. Sensitivity 
restrictions set a limit on the minimum amount of sample 
that can be detected (a concern when analyzing mass-
limited systems or rare molecular moieties in solution) 
and result in longer acquisition times. Resorting to 
cryogenic temperatures or stronger magnets are the most 
obvious paths to enhanced spin polarization (and hence 
improved detection sensitivity), but sample freezing is 
often impractical (consider, e.g., living organisms) and 
large magnets tend to be disproportionately expensive. 
Adding to the existing library of free-radical-based 
dynamic nuclear polarization (DNP) schemes1, the use of 
optically polarized paramagnetic defects in wide bandgap 
semiconductors is emerging as an alternative polarization 
enhancement route of growing interest. An example of 
prominent importance is the negatively-charged nitrogen-
vacancy (NV-) center in diamond, a spin-1 system formed 
by a substitutional nitrogen and an adjacent vacancy. 
Green illumination efficiently pumps NV- into the 
𝑚! = 0  state of the ground triplet via spin-selective 
intersystem crossing 2 . This feature has already been 
exploited to demonstrate record levels of room 
temperature 13C spin polarization at low3-5, intermediate6, 
and high magnetic fields7. Recent studies based on other 
defects in diamond8 or wide-bandgap host crystals other 
than diamond9 have led to comparable results.  
Here we focus on the dynamics of optically pumped 
13C spin polarization in diamond near 51 mT, a regime 
with alternative polarization channels where, nonetheless, 
a clear understanding of the mechanics at play is still 
missing. Through the combination of field-cycled NMR, 
optically detected magnetic resonance (ODMR), and 
numerical modeling we unambiguously show that 13C 
nuclei polarize through multi-spin processes involving 
the electronic spin of the NV- and the electronic and 
nuclear spins of substitutional nitrogen (also known as P1 
centers). We attain positive or negative nuclear spin 
polarization of up to 3% under ambient conditions, 
approximately a 3000-fold enhancement over the thermal 
13C polarization at 9.4 T. We observe similar levels of 13C 
polarization over a broad range of crystal orientations if 
the magnetic field amplitude is changed so as to properly 
match the NV- and P1 center electron spin transitions. On 
the other hand, comparing the NMR signal amplitudes 
under different illumination conditions, we conclude the 
13C polarization varies significantly with the beam 
diameter, an effect we associate to photo-induced charged 
processes and temperature changes in the diamond 
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	  One of the most remarkable properties of the nitrogen-vacancy (NV) center in diamond is that optical 
illumination initializes its electronic spin almost completely, a feature that can be exploited to polarize other 
spin species in their proximity. Here we use field-cycled nuclear magnetic resonance (NMR) to investigate the 
mechanisms of spin polarization transfer from NVs to 13C spins in diamond at room temperature. We focus on 
the dynamics near 51 mT, where a fortuitous combination of energy matching conditions between electron and 
nuclear spin levels gives rise to alternative polarization transfer channels. By monitoring the 13C spin 
polarization as a function of the applied magnetic field, we show 13C spin pumping takes place via a multi-spin 
cross relaxation process involving the NV- spin and the electronic and nuclear spins of neighboring P1 centers. 
Further, we find that this mechanism is insensitive to the crystal orientation relative to the magnetic field, 
although the absolute level of 13C polarization ⎯ reaching up to ~3% under optimal conditions ⎯ can vary 
substantially depending on the interplay between optical pumping efficiency, photo-generated carriers, and 
laser-induced heating. 	
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RESOLUCIÓN No. 010 DE 2014 
(10 de marzo) 
 
³Por la cual se seleccionan los beneficiarios de las becas asignadas a los programas doctorales de la Universidad 
Nacional de Colombia en el marco de la convocatoria 617 de 2013 de Colciencias, entre los postulantes inscritos en el 
primer semestre de 2014´ 
 
 
El VICERRECTOR ACADÉMICO DE LA UNIVERSIDAD NACIONAL DE COLOMBIA 




C O N S I D E R A N D O    
 
 
x Que Colciencias, en el marco del Programa Nacional de Fomento a la Formación de Investigadores y la 
convocatoria No. 617 para conformar bancos de elegibles para formación de alto nivel para la ciencia, la 
tecnología y la innovación (semilleros y jóvenes investigadores, doctorados nacionales y en el exterior), 
capítulo 2 Doctorados Nacionales, declaró como banco de financiables un total de 96 programas de 
doctorados de los cuales 44 pertenecen a la Universidad Nacional de Colombia con una asignación de 284 
cupos para becas. 
 
x Que Colciencias y la Universidad Nacional de Colombia suscribieron el Convenio Especial de Cooperación 
No. 0656-2013, donde se establece en la cláusula segunda como obligación de la entidad cooperante realizar 
una convocatoria interna para efectos de la selección de un número de estudiantes equivalente al número de 
cupos asignados por programa doctoral, cumpliendo con los requisitos mínimos exigidos por Colciencias.  
 
x Que el 12 de diciembre de 2013 se abrió la convocatoria para la asignación de las becas de doctorados 
nacionales otorgadas por Colciencias a la Universidad Nacional de Colombia. 
 
x Que, de acuerdo a lo establecido en el numeral 8 de los términos de referencia de la convocatoria, el 31 de 
enero de 2014 se cerraron las postulaciones para la asignación de las becas en el primer semestre de 2014. 
 
x Que los términos de referencia de la convocatoria establecen en el numeral 6.6 que la selección de los 
estudiantes se oficializará mediante una Resolución de la Vicerrectoría Académica. 
 
x Que los Consejos de las Facultades con cupos de becas de doctorado remitieron a la Vicerrectoría Académica 
las evaluaciones que los jurados realizaron a los postulantes, según lo establecido en el numeral 6.5 de los 
términos de referencia de la convocatoria. 
 
x Que las personas relacionadas a continuación cumplen con los requisitos establecidos en los términos de 
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ARTÍCULO 1°. Nombrar como beneficiarios de las becas de doctorado nacional de Colciencias en la Universidad 
Nacional, entre los postulantes inscritos en el primer semestre de 2014 en la Sede Bogotá: 
 
 
 FACULTAD PROGRAMA POSGRADO NOMBRE DOCUMENTO 
1 
Ciencias Doctorado en Ciencias - Biología 
Miguel Adriano Novoa 
Bravo 80076837 
2 
Ciencias Doctorado en Ciencias - Biología 
Jenny Consuelo Ortega 
Rojas 1110451110 
3 
Ciencias Doctorado en Ciencias - Biología Erica Mabel Mancera Soto 52884756 
4 Ciencias Doctorado en Ciencias - Biología Eduardo Molina González 79988135 
5 
Ciencias Doctorado en Ciencias - Biología 
César Enrique Tamaris 
Turizo 7632967 
6 
Ciencias Doctorado en Ciencias - Biología Nohra Rodríguez Castillo 52254714 
7 
Ciencias Doctorado en Ciencias - Biología Liliana Vanessa Celis Gil 31794556 
8 
Ciencias Doctorado en Ciencias - Biología 
Clara Isabel Bohórquez 
Salguero 66862737 
9 
Ciencias Doctorado en Ciencias - Biología 
Teddy Germán Angarita 
Sierra 80755475 
10 Ciencias Doctorado en Ciencias - Física David Julián Molina Beltrán 11447367 
11 
Ciencias Doctorado en Ciencias - Física Andrea Johana Abril Fajardo 1010169002 
12 
Ciencias Doctorado en Ciencias - Física 
Wilson Alexander Rojas  
Castillo 80497150 
13 
Ciencias Doctorado en Ciencias - Física 




Doctorado en Ciencias - 
Matemáticas 




Doctorado en Ciencias - 
Matemáticas 




Doctorado en Ciencias - 
Matemáticas Jorge Morales Paredes 80030089 
17 Ciencias Doctorado en Ciencias - Química Jicli José Rojas Salgado 72239169 
18 Ciencias Doctorado en Ciencias - Química Fredy Stid Ajiaco Castro 11276078 
19 
Ciencias 
Doctorado en Ciencias 
Farmacéuticas 




Doctorado en Ciencias 
Farmacéuticas Ronald Andrés Jiménez Cruz 80241248 
21 
Ciencias Doctorado en Geociencias 
Francisco Alberto Velandia 
Patiño 79289648 
22 Ciencias Agrarias Doctorado en Ciencias Agrarias Verónica Hoyos Castaño 52959857 
23 
Ciencias 
Económicas Doctorado en Ciencias Económicas Aída Patricia  Calvo Villada 66904729 
24 Ciencias Humanas Doctorado en Antropología Franklin Gerly Gil Hernández 71768958 
25 
Derecho, Ciencias 
Políticas y Sociales Doctorado en Derecho 






Mar 20, 2017 
 
Ms. Andrea Abril Fajardo 
City College of New York  
Department of Physics 
Center for Discovery and Innovation, Rm 12225 
 
Dear Ms. Fajardo 
 
I am writing to congratulate you on the award of a training stipend in partial support of 
your research project on the spin dynamics of nitrogen-vacancy centers in diamond. This award 
in the amount of $12,408 is provided by a grant from the National Science Foundation (CUNY 
Research Foundation Account #40D80-01 01). 
A Payment Request for this award has been filed with the CUNY Research Foundation.  I 
am specifying 6 payments of $2068.00 throughout this calendar year on the following dates: 
Mar 30, Apr 30, May 30, Jun 30, Jul 30, and Aug 30. During this period your project will 
involve various research activities aimed at investigating and exploiting the unique quantum 
properties of individual defects in diamond. In addition to frequent consultation with me, you 
will have the close supervision of my senior group members. You are expected to disseminate 
your research findings through oral and poster presentations at group meetings and conferences, 
regular progress reports, and scientific publications. We are looking forward to an exciting 







Carlos A. Meriles 
Professor of Physics 
CUNY - The City College of New York 
Center for Discovery and Innovation, Rm 12378  
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